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Summary 
Intensive agriculture has caused social and environmental problems worldwide 
over the past few decades and sustainable agriculture represents an important alternative 
to solve this problem.  Organic fertilization with municipal solid waste (MSW) compost 
and anaerobic digested residues (ADRs) in horticulture offers an important step towards 
sustainability.  On the other hand, nitrogen use efficiency (NUE) knowledge helps to 
better adjust N-base fertilization in order to prevent environmental problems.  In 
addition, CO2 released by the crop production process (CO2CPP), CO2 fixed in soil 
(CO2Soil), CO2 fixed in dry marketable yield (CO2MY) and CO2 balance are valuable 
information that demonstrate opportunities for horticulture to mitigate climate change.   
Two experiments were conducted using ADRs and MSW-compost as fertilizers 
in two crop rotations: the first one from 2009 to 2011 and the second one from 2007 to 
2011, both at the experimental farm of the University of Padua in Italy.  Five 
fertilization treatments were evaluated in both experiments, with a mineral control and 
an unfertilized control.  For ADRs, three treatments were included in which 50, 75 and 
100% of the N (T50, T75 and T100) was supplied with this organic matrix.  For the 
second experiment, the three treatments included were T50, T100 and T200, in which 
50, 100 and 200% of the N was supplied by MSW-compost.  NUE was calculated for all 
crops and rotations in both experiments.  CO2CPP, CO2Soil , CO2MY and CO2 balance 
were ascertained for the crops and rotations growing with the MSW-compost.  Finally, 
the soil’s organic carbon and total nitrogen were determined in plots fertilized over a 
five year period with MSW-compost in both rotations. 
ADRs and MSW-compost are valuable organic materials that can be used as 
fertilizers in horticulture.  Some results obtained are: 1) for early spring crops, a 
combination of 50% organic and 50% chemical N represents a good fertilization option.  
For example, onions growing with MSW-compost presented a low N recovery (REC) 
and were fertilized with high doses of N, this represents a high risk of N leaching, T50 
presented the highest marketable yield and REC for that crop.  2) For summer crops, 
high temperatures during the crop cycle influenced the trend of similar REC for all 
ADR treatments; moreover, T100 presented the highest marketable yield for butterhead 
and iceberg lettuces in 2010.  3) For some fall-winter crops, ADR and MSW-compost 
treatments did not show REC as much as the mineral treatment, mainly because of the 
closeness of the fertilization and the transplanting times (i.e., applying organic fertilizers 
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some weeks before transplanting can improve organic N availability.)  However, T50 
had the highest N-uptake and REC for late radicchio 2010 fertilized with ADRs and 
chicory 2011 growing with MSW-compost.  4) On the other hand, in the plots fertilized 
with MSW-compost, T100 enhanced soil’s organic carbon and total nitrogen.  Crop 
rotation helped to improve C:N, rotation A presented the higher content SOC.                  
5) Finally, T50 fixed the highest amount of CO2MY in both rotations.  Treatment T200 
was less sustainable because of the higher CO2CPP and the lower CO2Balance.  
Rotation A fixed more CO2Soil than rotation B.  
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Riassunto 
 
L’agricoltura intensiva ha causato negli ultimi decenni problemi sociali e 
ambientali in tutto il pianeta e l’agricoltura sostenibile rappresenta un’importante 
alternativa per risolvere questo problema.  La fertilizzazione organica in orticoltura con 
compost da Rifiuti Solidi Urbani (RSU) e i Residui della Digestione Anaerobica (RDA) 
costituisce un importante passo verso la sostenibilità.  D’altra parte, la conoscenza 
dell’Uso Efficiente dell’Azoto aiuta a realizzare una migliore fertilizzazione azotata, al 
fine di prevenire problemi ambientali.  Inoltre la CO2  emessa dalle operazioni colturali, 
CO2 fissata nel suolo, CO2 fissata nella coltura e il bilancio di CO2 sono importanti 
informazioni che mostrano le potenzialità dell’orticoltura in ordine alla riduzione del 
cambiamento climatico.  
Due esperimenti sono stati eseguiti utilizzando compost-RSU e RDA come 
fertilizzanti in due rotazioni di coltivazioni: il primo dal 2009 al 2011 e il secondo dal 
2007 al 2011, entrambi presso l’azienda sperimentale dell’Università di Padova in Italia.  
Cinque trattamenti sono stati valutati in entrambi gli esperimenti, con un controllo 
minerale e uno senza fertilizzazione.  Per i RDA, sono stati inclusi  tre trattamenti nei 
quali 50, 75 e 100% dell’azoto (T50, T75 and T100) proveniva da questa matrice di 
origine organica.  Per il secondo esperimento i tre trattamenti sono stati T50, T100 e 
T200, nei quali 50, 100 e 200% dell’azoto proveniva da compost-RSU.  L’uso efficiente 
dell’azoto è stato calcolato per tutte le colture e rotazione in entrambi gli esperimenti.  
La CO2  emessa dalle operazioni colturali, la CO2 fissata nel suolo, la CO2 fissata nella 
coltura e il bilancio di CO2 sono stati calcolati per tutte le colture e rotazione per 
l’esperimento col compost-RSU.  
RDA e compost-RSU sono importanti matrici organiche utilizzabili come 
fertilizzanti in orticoltura.  Alcuni risultati ottenuti: 1) per colture primaverili precoci, la 
combinazione di 50% organico e 50% N chimico rappresenta una buona possibilità di 
fertilizzazione.  Per esempio la cipolla coltivata con compost-RSU ha presentato un 
leggero recupero di N, inoltre è stata fertilizzata con alte quantità di N e questo 
rappresenta un rischio di lisciviazione.  2) Per colture estive, le alte temperature durante 
il ciclo colturale hanno influenzato una tendenza di uguale recupero di N per tutti i 
trattamenti con RDA; inoltre, T100 ha presentato la resa più alta per lattuga cappuccia e 
lattuga iceberg nel 2010.  3) Per alcune colture autunnali-invernali, i trattamenti RDA e 
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compost-RSU non hanno presentato recupero di N come il trattamento minerale, 
principalmente parchè la fertilizzazione  è stata effettuata in prossimità del trapianto (ad 
esempio fertilizzare con matrici organiche alcune settimane prima del trapianto migliora 
la disponibilità di N).  Tuttavia T50 ha presentato un alto assorbimento dell’azoto e un 
alto recupero di N per radicchio 2010 fertilizzato con RDA e per cicoria 2011 coltivata 
con compost-RSU.  4) D’altra parte nelle parcelle fertilizzate con compost-RSU, T100 
ha assicurato carbonio organico e N totale nel suolo.  La rotazione di colture aiuta a 
migliorare il rapporto C:N.  La rotazione A ha presentato il più alto contenuto di 
carbonio organico.  5) Finalmente, T50 ha fissato la quantità più alta di CO2 nella 
coltura in entrambe le rotazioni.  Il trattamento T200 è stato il meno sostenibile per la 
maggiore CO2 emessa dalle operazioni colturali e il minore bilancio di CO2.  La 
rotazione A ha fissato più CO2 nel suolo che la rotazione B. 
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Introduction 
Conventional vs. sustainable agriculture  
Faced with the globalization process in the twenty-first century, it seems 
important for our societies to understand how the agroecosystems work.  Sustainability 
involves food and fodder production with a comprehensive and holistic approach,  
preserving the environment, insuring social equity and economic viability for the 
different sectors of society (Gliessman et al., 2007).  A better knowledge of the 
processes involved in food production from an agroecological perspective could help to 
achieve sustainability.  Gliessman et al. (2007) suggest that agriculture can be compared 
with the current of a river (Fig. 1).  Along that river there are ponds of different sizes 
that represent farms.  These farms can vary widely in size and management, from small 
agroecological farms to big transnational corporations dedicated to the monoculture.  
The current brings positive and negative factors that affect the ponds.  The farms benefit 
from availability of water, subsidies, technology, labor, but they can be also affected by 
costs, laws, pollution, natural and human-induced disasters.  At the same time each farm 
can affect other farms according to the way they are managed.  Erosion, reduction of 
groundwater systems, contamination of water and air with pesticides and fertilizers are 
possible problems derived from an inappropriate management of the farm.  
 
Fig.1 Analogy that compares agriculture with the current of a river from 
Gliessman et al. 2007. 
Negative factors:
- Pollution
- Laws
- Costs
Negative factors:
- Contamination with 
fertilizers and pesticides
- Erosion
Positive factors:
₊ Water
₊ Technology
₊ Labor
Ponds=farms
Agriculture=river current  
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Agriculture has been seen all around the world as an economic activity designed 
to produce monocultures with the highest economic benefit in the shortest possible time 
(Gliessman et al., 2007). Intensive agriculture has caused social and environmental 
problems worldwide over the past decades; some of the most important impacts of 
intensive agriculture are loss of soil organic matter (SOM), soil erosion and water 
pollution (Zhao et al., 2009), but also has caused the abandonment of farmland due to 
salinization, pests and diseases, the expansion of monocultures, lack of water, drought 
and natural disasters (Gliessman et al. 2007).  Farmers interested in continuous 
production on their farms not only should focus on productivity, but their fields should 
be managed in a sustainable way.   
For Gliessman et al. (2007), crisis represents an opportunity to make positive 
changes; and agriculture, is clearly suffering a strong worldwide crisis.  Ecological and 
socioeconomical costs derived from the conventional agriculture are very high, 
especially because of intensive and extensive use of chemical inputs.  This author 
establishes the following steps in order to change from conventional to sustainable 
agriculture: 
1. Increase the efficiency of conventional practices in order to reduce the use 
of inputs that are expensive, scarce and harmful for the environment.  
Much research has been doing in this regard, between the improvements 
achieved there are: optimal crop densities, renewed machinery, pest 
monitoring for a more efficient use of pesticides, optimization of 
agricultural operations, and the use of irrigation and fertilization of 
precision.   
2. Replace conventional practices and inputs with sustainable practices. 
Examples of these sustainable practices are: use of organic fertilizers, 
cover crops, nitrogen-fixing crops and biological control. 
3. Redesign the agroecosystems in such a way that the work according to the 
ecological processes.  This step seeks prevention of outbreaks, more than 
finding friendly solutions with the environment to control pest and 
diseases.  An example is the diversification of management and structure 
of the production units by the implementation of crop rotations, 
polycultures and agroforestry.  
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4. Change in ethics and values for a transition to a sustainable culture.  Both 
producers and consumers must be  clear that the agricultural products 
come from a complex process, in which the way how they were produced 
has socioeconomical and environment impacts.  Sustainability must 
establish a bridge between producers and consumers. 
Sustainable agriculture takes a cultural perspective because of the inclusion of 
human beings and the impact of their decisions in the agricultural environment.  
Sustainable agriculture must take into account both human and ecological components 
Gliessman et al. 2007).  Some of the arguments to be covered in this research are 
included in steps 1, 2 or 3,  this is the beginning of the transition to sustainability.  
   
Solid waste disposal: nutrient opportunities  
There are many concerns about the disposal of biodegradable municipal waste 
(BMW) in landfills or incinerators, which represents a potential loss of valuable organic 
matter and can affect the environment by increasing greenhouse gases (Farrell and 
Jones, 2009).  Poor disposal and management of domestic solid waste is one of the most 
common problems in cities worldwide (Del Carpio et al., 2000; Xudong et al., 2010).  
For example, in most Latin American cities, solid waste is disposed in open-air dump 
sites, without consideration for environmental and public health risks (Del Carpio et al., 
2000; Escamiroza et al., 2001; Zarate et al., 2008).  Municipal solid waste compost 
(MSW) obtained from processing BMW can be used in agriculture, reducing 
conventional landfill disposal and recycling valuable organic material (Montemurro et 
al., 2005; Camacho et al., 2011).  According to Gliessman et al. (2007) the recycling of 
nutrients can be minimal in an agroecosystem, significantly reducing crop production.  
Lack of organic matter in soil forces farmers to use excessive mineral fertilization that 
compromises agroecosystem sustainability.   
Many authors have suggested that using MSW-compost helps to improve soil 
organic matter (Mylavarapu and Zinati  2009; Fagnano et al., 2011) and supplies the 
plant nutrient requirements (Ozores-Hampton et al., 1994; Montemurro et al., 2005; 
Mylavarapu and Zinati  2009; Fagnano et al., 2011), which are essential factors to 
ensure a successful crop production.  Furthermore, farmers also recognize the 
advantages of using compost.  Throughout the Mesoamerican highlands, Mayan farmers 
are generally aware of the benefits of compost, such as higher yields and reduced pest 
damage.  However, farmers complain about lack of organic compost for their crops 
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(Morales et al., 2001).  MSW-compost availability could help to improve this situation.  
On the other hand, according to Cala et al. (2005), the use of MSW-compost could help 
increase SOM and stabilization, particularly in Mediterranean areas where the 
degradation of SOM is increasing by the succession of dry-warm to humid-temperature 
seasons and by the continuous use of the land for horticultural purposes.   
Compost process is defined as the biological decomposition of organic matter 
under controlled aerobic conditions to obtain a stable, humus-like end product (Farrell 
and Jones, 2009).  The process is facilitated by a diverse population of microbes and 
involves the development of thermophilic temperatures (Swan et al. 2002), where 
dangerous pathogens for humans are destroyed (Déportes et al., 1998).  Additionally,  
the use of MSW-compost as fertilizer could increase soil contents of heavy metals and 
nitrates (Jordão et al., 2003).  High quantities of these elements accumulated in plants 
tissues may be a health risk to humans.  When MSW-compost is applied in soil, the 
major elements of concern are: Zn, Cu, Ni, Cd, Pb, Cr and Hg because their contents 
could be higher than the background levels expected in soil (CA, 2001).  Both heavy 
metals and nitrate must be verified continuously in a long term MSW-compost 
experiment.   
A valuable quantity of biomass that comes from agro-industrial processes could 
be used as organic fertilizer.  Anaerobic digested residues (ADRs) are obtained from the 
biological process by which organic matter is converted in biogas (in absence of 
oxygen) in order to produce energy or heat (Tambone et al., 2009).  ADRs come from a 
vast number of heterogeneous matrices (e.g. sewage sludge, organic fraction of 
municipal wastes, agricultural by-products) and are biologically stable materials 
(Tambone et al., 2009). Anaerobic digested residues obtained from those processes 
present a low C:N ratio and high nutrient levels, so can be used as fertilizers or 
amendments in agriculture or horticulture (Salminen et al., 2001); however, their 
performance needs to be verified in the open field (Tambone et al., 2010). 
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Environmental problems: CO2 and N leaching  
Energy is essential for almost all human activities.  Developed and undeveloped 
countries use fossil fuel as principal source of energy and its use increases greenhouse 
gases (GHG) content in the atmosphere.  In particular, carbon dioxide (CO2) 
concentration has increased from 280 to 379 ppm since the beginning of the industrial 
revolution (Shiva, 2009).  Intensive agriculture requires inputs and equipments that 
came or use fossil-fuel as sources of energy.  In general, methane (CH4), nitrous oxide 
(N2O) and carbon dioxide (CO2) are the most important GHGs emitted from the 
agriculture sector (Brandão et al., 2010).  Nonetheless, crops capture CO2 by means of 
photosynthesis and store it as carbon in their biomass.  
In general, human activities contribute significantly to increase CO2 emissions.  
It is estimated that from these emissions: 3.2 billion of tons of carbon are absorbed by 
the atmosphere, and 2.0 billion by the ocean.  It is not clear what happens with another 
1.8 billion of tons of carbon; some authors have the hypothesis that it is fixed in the soil 
organic matter (Tans et al., 1990; Brown et al., 1992).  Agriculture should mitigate 
GHGs by its capacity of sequestrate carbon in soil (Tans et al., 1990; Brandão et al., 
2010).  Soil is one of the biggest pool of carbon in terrestrial ecosystems (Zhang et al., 
2011).  Crop residues like leaves, branches and roots are important sources of carbon.  
These vegetable residues return to the soil and are degraded by the microorganisms; 
during this process part of total carbon is fixed into soil and part is release as CO2 
(Schlesinger and Andrews, 2000).  Plowing puts in contact microorganisms with 
residues; this operation incorporates oxygen in soil allowing the release of CO2.  In 
addition, soil organic matter can be lost by intensive agriculture, producing an 
increment of CO2 in the atmosphere (Zhang et al., 2011). 
International agreements have been reached in order to reduce global CO2 
emissions to the atmosphere.  The European Union (EU) has agreed in reducing CO2 
emissions by 8% in the period 2008-2012 compared to the level measured in  1990 
(Munksgaard and Pedersen, 2001).  The EU seeks to reduce CO2 emissions with 
regional policies in order to promote sustainable agriculture.  
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Nitrogen (N) is essential to ensure crop yield and quality.  Farmers apply N-
based fertilizers to achieve their production goals; applications that exceed plant 
demand can cause soil erosion and water pollution by nitrate leaching.  In order to avoid 
these problems, optimal crop practices must be established to obtain high yields of the 
best quality, diminishing negative environmental effects (Šturm et al., 2010; Chen et al., 
2004; Tei et al.,1999).  Studying the N use efficiency seems to be an important approach 
for understanding how to adjust N-based fertilization.  There are two indicators to 
analyze N use efficiency (NUE): apparent N recovery (REC) that measures the ability 
of crops to take up N from soil, and the use efficiency of absorbed N (UEAN) that 
measures the efficiency of crops to use absorbed N in order to produce yield (Benincasa 
et al., 2011; Janssen, 1998; Greenwood et al., 1989).  NUE knowledge gives important 
information in order to better adjust N-fertilization and avoid environmental problems. 
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Objectives  
This research has the following objectives: 
1. To find out the effect on agronomic performance of using the organic fertilizers: 
ADRs and MSW-compost in horticultural crop production.  
2. To determine the nitrogen use efficiency of the different crops grown with 
ADRs and MSW-compost in two different rotations schemes in order to better 
adjust N-fertilization and avoid environmental problems.   
3. To determine the effect on nitrate and heavy metal contents in crops grown with 
MSW-compost. 
4. To ascertain the effect on soil organic carbon and total nitrogen in the plots 
fertilized with MSW-compost from 2007 to 2011 in two rotation schemes. 
5. To establish energy consumption, CO2 released by the crop production process, 
CO2 fixed in soil, CO2 fixed in dry marketable yield and CO2 balance for crops 
grown with MSW-compost in two rotations schemes.  
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Chapter II 
 
Use of anaerobic digested residues from distillery process as 
fertilizers for open field horticultural crops: a production and 
environmental approach. 
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Abstract 
Understanding nitrogen use efficiency (NUE) of different crops plays an 
important role in achieving sustainability.  Intensive agriculture has caused social and 
environmental problems worldwide over the past few decades.  Anaerobic digested 
residues (ADRs) from the distillery industry can be used in agriculture by recycling 
valuable organic materials than can supply organic N.  An experiment using ADRs in 
horticulture was conducted in order to evaluate the performance of different treatments 
on production and NUE.  The experiment was conducted from 2009 to 2011 growing 
lettuce, cauliflower, radicchio, potato, beets and chicory in two different rotation 
schemes.  Five fertilization treatments were included with a mineral fertilization control 
in which nitrogen was supplied according to standard recommendations in the area.  The 
other treatments were one unfertilized control and three treatments in which 50, 75 and 
100% of the nitrogen was supplied by ADRs.  Some finding were: 1) Spring-summer 
crops showed the lowest N-uptake and N recovery, during this period high chemical 
fertilization can cause environmental problems like N leaching and fertilizing with 
100% ADRs is a good alternative for those crops.  2) Fall-winter crops can be fertilized 
by combining 50% mineral nitrogen and 50% organic nitrogen, supplying the nutrients 
required by the crops during the growing cycle.  Knowledge of NUE for different crops 
is useful in the design of efficient rotation schemes.  
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1. Introduction 
Intensive agriculture has caused social and environmental problems worldwide 
over the few past decades and some of the most important impacts of intensive 
agriculture are loss of soil organic matter, soil erosion, and water pollution (Zhao et al., 
2009).  According to Gliessman et al. (2007) the recycling of nutrients can be minimal 
in an agro-ecosystem, significantly reducing crop production.  Lack of organic matter in 
their soil forces farmers to use excessive mineral fertilization that compromises agro-
ecosystem sustainability.   
A valuable quantity of biomass that comes from agro-industrial processes could 
be used as organic fertilizer.  Anaerobic digested residues (ADRs) are obtained from the 
biological process by which organic matter is converted in biogas (in absence of 
oxygen) in order to produce energy or heat (Tambone et al., 2009).  ADRs come from a 
vast number of heterogeneous matrices (e.g. sewage sludge, organic fraction of 
municipal wastes, agricultural by-products) and are biologically stable materials 
(Tambone et al., 2009).  Anaerobic digested residues obtained from those processes 
present a low C/N ratio and high nutrient levels, so they can be used as fertilizers or 
amendments in agriculture or horticulture (Salminen et al., 2001); however, their 
performance needs to be verified in the open field (Tambone et al., 2010). 
Nitrogen (N) is essential to ensure crop yield and quality.  Farmers apply N-
based fertilizers to achieve their production goals; applications that exceed plant 
demand can cause soil erosion and water pollution by nitrate leaching.  In order to avoid 
these problems, optimal crop practices must be established to obtain high yields of the 
best quality, diminishing negative environmental effects (Šturm et al., 2010; Chen et al., 
2004; Tei et al.,1999).  Studying the N use efficiency seems to be an important 
approach for understanding how to adjust N-based fertilization.  There are two 
indicators to analyze N use efficiency (NUE): apparent N recovery (REC) which 
measures the ability of crops to take up N from soil, and the use efficiency of absorbed 
N (UEAN) which measures the efficiency of crops to use absorbed N in order to 
produce yield (Benincasa et al., 2011; Janssen, 1998; Greenwood et al., 1989). 
An experiment using ADRs as fertilizer in open field horticulture was conducted 
in order to determine if the use of this organic fertilizer has an effect on agronomic 
performance.  Additionally, the N use efficiency of different crops was determined so as 
to better adjust N-fertilization and avoid environmental problems.   
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2. Materials and methods 
 
2.1. ADRs experiment 
 
2.1.1. Field preparation 
ADRs, a by-product from the distillery Mazzari s.p.a., were used as fertilizer in 
open field horticulture.  The experiment was conducted at the Experimental Farm 
“Lucio Toniolo”, University of Padova, in the Veneto Region (45°21’N latitude; 
11°58’E longitude; 6 m a.s.l.).  The soil at the site is silty-loam. 
Plots of  60 m
2
 (15.0 m x 4.0 m) were prepared before transplanting the crops.  
Each plot was split into two subplots of 30 m
2
 (7.5 m x 4.0 m).  In most cases two 
varieties of the same crop were grown, one in each subplot, but only one variety of 
potato was grown in both subplots.  In this way, two rotation schemes were followed 
(Table 1).  Standard cultivation procedures for the region were carried out before 
transplanting or seeding the crops.  Table 1 summarizes the following crop information: 
varieties, dates of sowing and harvesting, plant spacing and densities.   
Lettuce and cauliflower were cultivated in 2009, butterhead and looseleaf lettuce 
(Lactuca sativa L.) were grown in the spring-summer period, while in the fall-winter 
period two varieties of cauliflower (Brassica oleracea L. var. botrytis) were 
transplanted, one of early growth and one of late growth.  Lettuce and radicchio were 
grown in 2010, butterhead lettuce and iceberg lettuce (Lactuca sativa L.) were 
cultivated during spring-summer and two types of radicchio (Cichorium intybus var. 
foliosum) in the fall-winter, one rapid growth and the other, slow growth.  In 2011, 
potatoes (Solanum tuberosum L.) were grown during spring-summer, with beet (Beta 
vulgaris L. var. vulgaris) and chicory (Cichorium intybus group rubifoglium) during the 
fall-winter. 
 
2.1.2. Anaerobic digested residues 
The chemical properties pH and electrical conductivity (EC) were measured 
using the European Standards 13037 and 13038 respectively.  Organic matter and 
organic carbon were determined with the European Standard 13039. Total Kjeldahl 
nitrogen (TKN) was determined for the MSW-compost.  Elements P, K, Zn, Pb, Cr, Cd  
were measured adopting the Zancan et al. (2006) procedure for mineralization and ICP 
spectrophotometer readings. 
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Table 1  
Crop information for  ADRs  experiment conducted from 2009 to 2011. 
Year Season Crop Variety 
Date of Spacing between: 
Density 
(plant/m²) sowing harvest 
rows 
(m) 
plants 
(m) 
Rotation A 
2009 
Spring-
summer 
Looseleaf lettuce Funtine May 11 June 18  0.50 0.33 6.1 
Fall-
winter 
Late growth cauliflower Atalaya Esasem Ago 10 Dec 2  0.65  0.50  3.1 
2010 
Spring-
summer 
Butterhead lettuce Pronto June 30 Ago 11  0.40  0.30 8.5 
Fall-
winter 
Early growth radicchio T&T Adige precoce Ago 27 Nov 24  0.40  0.30 8.5 
2011 
Spring-
summer 
Potato Etna April 5 July 18  0.65 0.25 6.2 
Fall-
winter 
Beet White silver T&T Ago 23 Nov 2  0.45 0.35 6.3 
Rotation B 
2009 
Spring-
summer 
Butterhead lettuce Marenia April 10 May 25  0.50 0.33 6.1 
Fall-
winter 
Early growth cauliflower Freemont Royal sluiss Ago 10 Nov 11  0.65  0.50  3.1 
2010 
Spring-
summer 
Iceberg lettuce Silvinas June 30 Ago 11  0.40  0.30 8.5 
Fall-
winter 
Late growth radicchio T&T Adige tardivo Ago 27 Jan 13  0.40  0.30 8.5 
2011 
Spring-
summer 
Potato Etna April 5 July 18  0.65 0.25 6.2 
Fall-
winter 
Chicory T&T Romea Ago 23 Nov 17  0.45 0.35 6.3 
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Table 2 reports the chemical characteristics of the ADRs used in the experiment. 
Haynes et al. (2009) expected organic matter contents for ADRs between 40.0% and 
70.0% and organic carbon contents between 20.0% and 50.0%.  The ADRs used in this 
experiment showed values from 41.2% to 60.7% for the former and from 23.9% to 
35.2% for the latter.  They also presented high contents of nutrients (N, P and K), which 
support the idea of a highly nutritive by-product (Salminen et al., 2001). According to 
Haynes et al. (2009) ADRs could have total nitrogen contents from 2.0% to 5.0%, in 
this experiment the total nitrogen content was within that range.  ADRs also had a low 
C:N ratio (from 7.4 to 9.5); according to Tisdale and Nelson (1970), in soils with high 
contents of organic materials the C:N ratio should be around 10, this low ratio can be 
explained by the high total nitrogen content.  Heavy metal contents (Cr, Pb, Cd and Zn) 
were below the limits specified by the European Union for ADRs used as soil enhancers 
(The Commission of the European Communities, 2006).  They were rather basic or 
alkaline with a pH value between 7.7 and 8.4.  Lastly, electrical conductivity (EC) was 
high (1 to 1.4 mS·cm-1) due to the high content of salts in this material, especially 
potassium. 
 
Table 2 
spring fall
pH 7.68 8.37 7.83 8.43
Electrical conductivity (mS·cm
-1
) 1.46 1.07 1.12 1.11
Organic matter (%) 49.9 41.2 60.7 55.6
Organic carbon (%) 29,0 23.9 35.2 32.3
Dry matter (%) 30.2 34.6 28.9 32.3
C:N ratio 7.43 8.97 8.91 9.50
N (% dry wt) 3.90 2.66 3.95 3.39
P (% dry wt) 0.58 0.54 0.68 0.84
K (% dry wt) 0.30 0.22 0.42 0.42
Cr (mg·kg
-1
 dry wt) 6.7 5.6 5.4 11.7
Pb (mg·kg
-1 
dry wt) 1.8 1.3 2.4 4.4
Cd (mg·kg
-1
 dry wt) traces 0.05 15.2 traces 
Zn (mg·kg
-1
 dry wt) 56.8 38.9 67.2 103
Chemical properties of ADRs used to grow different crops from 2009 to 2011. 
Heavy metals
 Macronutrients 
2011 
2009 2010Feature
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2.1.3. Experimental design 
Three fertilization combinations were tested using ADRs to substitute mineral N:  
one fertilized with 50% ADRs and 50% mineral fertilizer (T50), one with 75% ADRs 
and 25% mineral fertilizer (T75) and the last one with 100% ADRs (T100).  There were 
also two controls, one unfertilized (T0), and one with mineral fertilization (TMIN).  N, 
P and K minerals were supplied according to standard recommendations in the area for 
each crop (Calzavara et al., 2009); the P and K content in the ADRs was taken into 
consideration to calculate the amount of P and K minerals distributed in the different 
treatments (Table 3). 
 
 
2.1.4. Crop sampling  
Ten plants in each plot were randomly selected and harvested at maturity.  Total 
fresh weight and commercial fresh weight were measured.  One subsample (consisting 
of approximately one kilogram of commercial product and one kilogram of waste) was 
selected to measure commercial and non-commercial dry weight.  For all crops, total 
Kjeldahl nitrogen (TKN) was determined in a subsample of dry commercial and non-
commercial product.  Harvesting dates for all crops are reported in Table 1. 
Table 3 
Treatment N P K ADRs N P K ADRs N P K ADRs
T0 0 0 0 0 0 0 0 0 0 0 0 0
TMIN 80 60 110 0 80 60 110 0 180 100 200 0
T50 40 46 106 3400 40 43 105 4560 90 70 190 6603
T75 20 40 104 5100 20 34 103 6840 45 55 186 9904
T100 0 33 102 6800 0 25 101 9120 0 40 181 13205
Treatment N P K ADRs N P K ADRs N P K ADRs
T0 0 0 0 0 0 0 0 0 0 0 0 0
TMIN 100 60 160 0 130 60 180 0 120 150 160 0
T50 50 17 155 4200 65 30 173 6503 60 116 151 5471
T75 25 25 153 6300 32 15 170 9754 30 99 147 8206
T100 0 34 151 8500 0 0 167 13005 0 82 142 10941
Spring-summer
Fall-winter
Mineral and organic fertilizers added (kg·ha
-1
). Mineral fertilizers used: Urea (46%), 
triple superphosphate (46%) and potassium sulphate (50%).
Mineral fertilizer-ADR mixtures used to growth different crops from 2009 to 2011.
Beet-chicory 2011
Lettuce 2009
Cauliflower 2009
Lettuce 2010
Radicchio 2010
Potato 2011
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2.2. Nitrogen use efficiency  
 N use efficiency (NUE) was studied using two approaches: use efficiency of 
absorbed N (UEAN) and N recovery (REC).  UENA was calculated on two different 
bases: total above-ground dry weight (TAGDW) and marketable yield fresh weight 
(MYFW) (Benincasa et al., 2011; Janssen, 1998; Greenwood et al., 1989).  In the 
experiment with ADRs, REC and use efficiency of absorbed N were calculated for each 
treatment using the following formulas: 
 
  
 
 
 
where 
NF = N available from the fertilizer (kg·ha
-1 
), 
UF = N-uptake (kg·ha
-1 
) when NF is given, 
U0 = N-uptake (kg·ha
-1 
) in non-fertilized plots, 
TAGDW = Total above-ground dry weight (kg·ha-1), 
MYFW= Marketable yield fresh weight (kg·ha-1). 
 
Cumulative REC and UEAN were calculated for each crop rotation using the 
following formulas: 
 
 
 
 
 
 
where  
NF = the sum of NF for all the crops in the rotation, 
UF = the sum of UF for all the crops in the rotation, 
U0 = the sum of N0 for all the crops in the rotation, 
TAGDW = the sum of TAGDW for all the crops in the rotation. 
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2.3. Data analysis 
A program in R version 2.12.1 was written for the statistical analysis.  Analysis 
of variance (ANOVA) was used to evaluate treatment effect for each individual 
response variable.  Rotation effect was also evaluated by using the rotation as a factor in 
the ANOVA, in the case of  cumulative variables N-uptake, REC and UEAN 
(CumNuptake, CumREC and CumUEAN). 
Compliance with assumptions of the model was verified using the Shapiro test 
for normality of the residuals, and the Fligner test for homogeneity of variances.  When 
treatment effect was significant, multiple Tukey comparisons were performed. 
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3.  Results and discussion 
3.1.  Production  
In rotation A treatment T75 produced the highest marketable yield and total 
biomass for looseleaf lettuce 2009 (Table 4).  Treatment T100 produced lower 
marketable yield and total biomass than TMIN for butterhead lettuce 2009 (Table 4, 
rotation B), whereas T75 and T100 produced the highest values for these variables for 
both varieties of lettuce 2010 (Table 4, rotation A and B).  In 2009, butterhead lettuce 
was transplanted in April, a month earlier than looseleaf lettuce, giving the former less 
opportunity for uptaking N from the organic fertilizer.  The yield obtained with T100 
was as low as that with the non-fertilized treatment (T0) because of the closeness of the 
fertilization and the transplanting times, as well as the low temperatures (Fig. 1).  In 
addition, since the two varieties of lettuce grown in 2010 were transplanted at the same 
time (in late spring when temperatures were high and rainfall intermediate - see Fig. 1), 
they had a good opportunity for uptaking the mineralized organic N, which explains 
why the treatments with higher content of ADRs presented the highest yields.  In a 
similar experiment using MSW-compost in Naples, Italy, two varieties of iceberg lettuce 
(‘Audran’ and ‘Sagess’) fertilized with high doses of compost (N:160 and 319 kg·ha-1) 
produced a total biomass no different from those fertilized with chemical N (84 kg·ha-1) 
(Fagnano et al., 2011).   
Treatments with ADRs (T75 and T100) did not produce a total biomass as high 
as TMIN for early cauliflower in 2009 (Table 4, rotation B).  Early radicchio fertilized 
with ADRs (T50, T75 and T100) gave a lower marketable yield and a lower total 
biomass than TMIN in 2010 (Table 4, rotation A).  These early fall crops had lower 
organic-N availability because of their short growing cycles and the decrease in 
temperature (Fig. 1) which reduces the organic-N mineralization.  On the contrary, for 
late radicchio in 2010, the total biomass produced by T50 was no different from TMIN 
(Table 4, rotation B).  In this case the mineral component supplies the initial N 
requirement for the plant and the ADRs release this element for subsequent needs 
according to the mineralization process.  This process stops when low winter 
temperatures arrive; and, at the same time, high precipitation during this period 
facilitates the availability of the mineralized organic nitrogen to the plant (Fig. 1).  
Similar results were obtained in two different experiments using MSW-compost as 
fertilizer, one in Florida with parsley (Pretroselinum crispum [Mill.]) and the second in 
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Nova Scotia with potatoes (Solanum tuberosum).  In both cases, it was found that a 
combination of 50% MSW-compost and 50% mineral fertilizer produced the same 
marketable yield as the 100% inorganic fertilizer (Mylavarapu and Zinati, 2009; 
Mkhabela and Warman, 2005).  Furthermore, for late cauliflower 2009 and beet 2011, 
TMIN was the treatment with the highest total biomass.  Nonetheless, total biomass in 
ADRs treatments are not identifiably different from T0; however, they tend to present a 
better agronomic performance and their means are higher than the mean of T0 for this 
variable (Table 4, rotation A).  Finally, for chicory 2011 (Table 4, rotation B) no 
differences were found in marketable yield and total biomass between treatments.  
ADRs could be a good fertilization option for l late cauliflower, late radicchio, beet and 
chicory. 
 
Fig. 1 Smooth curve of temperature and mean rainfall per week (points) during the period 2009 
to 2011. Dashed lines indicate the crop cycle for spring-summer crops and dotted lines indicate 
the crop cycle for fall-winter crops.   
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Table 4
Season:
Crop:
Marketable yield (Mg·ha-1)
T0 8.2 b 17.2 a 9.0 b 18.3 c 33.1 a 31.7 b 9.5 b 15.4 a 11.0 b 14.1 a 31.9 a 34.1 a
TMIN 13.2 ab 22.6 a 10.7 ab 27.8 a 35.1 a 44.3 a 16.3 a 28.1 a 18.4 a 26.2 a 35.5 a 42.2 a
T50 13.2 ab 17.3 a 10.2 ab 23.5 b 33.2 a 40.2 ab 12.4 ab 24.5 a 13.7 ab 23.0 a 33.0 a 32.0 a
T75 17.7 a 19.4 a 12.4 a 23.7 b 37.4 a 39.4 ab 13.2 ab 22.4 a 17.4 a 20.2 a 33.1 a 38.6 a
T100 12.7 ab 28.3 a 11.8 a 20.1 bc 35.3 a 41.2 ab 10.1 b 18.2 a 14.7 a 16.2 a 35.6 a 34.6 a
Total biomass (Mg·ha-1)
T0 10.4 b 56.4 b 11.3 b 28.8 c 39.3 c 45.3 b 14.2 b 49.4 b 14.2 c 27.2 c 39.8 a 40.3 a
TMIN 16.2 ab 83.1 a 13.2 ab 50.6 a 44.4 ab 61.1 a 23.5 a 78.9 a 23.0 a 59.8 a 46.4 a 46.7 a
T50 16.0 ab 69.1 ab 12.6 ab 41.2 b 45.6 a 55.0 ab 18.2 ab 66.8 ab 16.7 bc 56.9 a 41.8 a 41.1 a
T75 21.2 a 74.8 ab 14.8 a 40.1 b 45.0 a 50.5 ab 19.0 ab 57.8 b 22.8 a 48.8 ab 42.6 a 45.9 a
T100 16.0 ab 75.0 ab 14.5 a 36.1 bc 41.0 bc 58.5 ab 14.5 b 52.3 b 20.0 a 34.1 bc 44.3 a 41.7 a
Effect of mineral fertilizer and different doses of ADRs on marketable yield and total biomass for different crops growing in rotations A and B from 2009 
to 2011.
Rotation A Rotation B
2009 2010 2011 2009 2010 2011
Spring-
summer
Fall-
winter
Spring-
summer
Fall- 
winter
Spring-
summer
Fall-
winter
Spring-
summer
Fall- 
winter
Spring-
summer
Values  followed by the same letter are not significantly different, according to Tukey test P≤ 0.05 level of significance.
Spring-
summer
Fall- 
winter
Looseleaf 
lettuce
Late 
cauliflower
Butterhead 
lettuce
Early 
radicchio
Potato Beet
Butterhead 
lettuce
Early 
cauliflower
Iceberg 
lettuce
Late 
radicchio
Potato Chicory
Fall- 
winter
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3.2. Nitrogen use efficiency 
Benincasa et al. (2011) mentioned that the following factors are able to affect the 
NUE: crop varieties which affect growth and development, agricultural practices 
(fertilization, irrigation, density and plant spacing) and environmental factors 
(temperature, rainfall and soil texture).  In our experiment all varieties of lettuce showed 
the lowest N-uptake values compared to other crops in both rotation (Table 5).  These 
results are considerably lower than those obtained by Benincasa et al. (2011) where the 
lettuce varieties ‘Canasta’ and ‘Audran’ produced N-uptake values of 136 and 121 
kg·ha-1 respectively--varieties, agricultural practices and environmental factors 
determined these differences.  All treatments fertilized with ADRs showed different N-
uptake from TMIN for butterhead lettuce (Table 5 rotation B), which suggests less 
organic N availability for that variety when transplanted in early spring.  The N-uptake 
for all treatments fertilized with ADRs did not differ from TMIN for the other spring–
summer crops (lettuce and potato), which might suggest that all treatments had the same 
N availability (Table 5, rotation A and B).  On the contrary, only T50 showed an N-
uptake that was not different from TMIN for early cauliflower in 2009 and late 
radicchio in 2010 (Table 5, rotation B).  It seems that for spring-summer crops it is 
possible to substitute chemical N with 100% ADRs, whereas for fall-winter crops a 
combination of 50% ADRs and 50% mineral N seems to be a good fertilization option. 
The use efficiency of absorbed N (UENA) was calculated using two different 
approaches: total above-ground dry weight (TAGDW) and marketable yield fresh 
weight (MYFW).  For Benincasa et al. (2011) the most correct method of calculating 
UEAN is TAGDW; however, both methods give interesting information for both 
researchers and farmers.  Late cauliflower in 2009 and potato in 2011 were the most 
efficient crops, with the highest UEANTAGDW values; while chicory in 2011 had the 
lowest UEANTAGDW (Table 5).  All varieties of lettuce gave higher UEANTAGDW values 
than the lettuce ‘Canasta’ (29.0 kg·kg-1) and ‘Audran’ (27.0 kg·kg-1) reported by 
Benincasa et al.  (2011).  As mentioned previously, for N-uptake, the factors listed by 
Benincasa et al. (2011) led to these differences.  Only early radicchio in 2010 (Table 5, 
rotation A) and butterhead lettuce in 2009 (Table 5, rotation B) presented a fertilization 
treatment effect; T0 and T100 showed higher UEANTAGDW than TMIN for both crops, 
which means that crops treated with 100% ADRs absorbed N more efficiently than 
TMIN. 
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Table 5
Season:
Crop:
N-uptake (kg·ha-1)
T0 10.0 a 129.0 a 29.5 a 69.8 b 99.5 a 142.3 b 14.3 b 111.5 c 17.8 a 56.1 b 91.4 a 104.9 a
TMIN 17.7 a 200.9 a 35.8 a 131.7 a 116.0 a 196.9 a 24.0 a 174.7 a 27.7 a 141.2 a 110.3 a 103.3 a
T50 17.4 a 177.8 a 33.5 a 106.6 ab 109.5 a 172.8 ab 17.3 b 153.1 a 23.6 a 146.3 a 108.8 a 101.6 a
T75 18.0 a 147.7 a 39.8 a 95.0 ab 104.0 a 177.0 ab 18.3 b 125.6 b 25.7 a 102.0 b 107.8 a 99.3 a
T100 16.6 a 149.8 a 39.2 a 92.0 ab 108.6 a 184.7 ab 13.9 b 120.1 b 20.0 a 74.5 b 100.2 a 93.4 a
UEAETAGDW (kg·kg
-1
)
T0 60.0 a 91.0 a 39.0 a 40.0 a 78.0 a 29.0 a 60.0 a 45.0 a 51.0 a 55.0 a 80.0 a 12.0 a
TMIN 59.0 a 93.0 a 33.0 a 30.0 b 76.0 a 27.0 a 43.0 c 42.0 a 49.0 a 44.0 a 75.0 a 7.0 a
T50 58.0 a 73.0 a 37.0 a 33.0 ab 72.0 a 29.0 a 58.0 ab 39.0 a 49.0 a 44.0 a 70.0 a 12.0 a
T75 59.0 a 98.0 a 35.0 a 36.0 ab 77.0 a 27.0 a 51.0 bc 44.0 a 53.0 a 50.0 a 78.0 a 11.0 a
T100 55.0 a 97.0 a 35.0 a 38.0 a 75.0 a 30.0 a 56.0 ab 45.0 a 60.0 a 50.0 a 76.0 a 13.0 a
UEAEMYFW (kg·kg
-1
)
T0 830 a 120 a 310 a 280 a 320 a 220 a 690 a 140 a 610 a 280 a 360 a 330 a
TMIN 750 a 130 a 300 a 210 a 310 a 230 a 680 a 160 a 670 a 190 a 320 ab 460 a
T50 790 a 100 a 300 a 220 a 300 a 230 a 720 a 160 a 610 a 160 a 260 b 320 a
T75 750 a 150 a 310 a 260 a 320 a 220 a 730 a 170 a 680 a 220 a 350 a 390 a
T100 770 a 190 a 300 a 220 a 330 a 230 a 720 a 150 a 740 a 250 a 350 a 370 a
Spring-
summer 
Fall- 
winter
Fall- 
winter
Spring-
summer 
Fall- winter Spring-
summer 
Fall- 
winter
2011
Looseleaf 
lettuce 
Late 
cauliflower 
Butterhead 
lettuce
Early 
radicchio 
Potato Beet
Spring-
summer 
Fall- winter Spring-
summer 
Fall- 
winter
Spring-
summer 
Values  followed by the same letter are not significantly different, according to Tukey test P≤ 0.05 level of significance.
Rotation B
N-uptake and use efficiency of absorbed N (UEAN) calculated on the basis total above ground dry weight (TAGDW) and marketable yield fresh 
weight (MYFW) for the crops growing with different doses of ADRs for rotation schemes A and B. 
Rotation A
2009 2010 2011
Butterhead 
lettuce 
Early 
cauliflower 
Iceberg 
lettuce 
Late 
radicchio 
Potato Chicory
2009 2010
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With respect to MYFW approach, lettuce was the most efficient crops showing 
the highest UEANMYFW values; while early and late cauliflower in 2011 had the lowest 
UEANMYFW (Table 5).  Three of the four varieties of lettuce gave higher UEANTAGDW 
values than the lettuce ‘Canasta’ (69.0 kg·kg-1) and ‘Audran’ (60.0 kg·kg-1) reported by 
Benincasa et al.  (2011).  Butterhead lettuce in 2010 presented a lower UEANTAGDW 
than those reported by Benincasa et al. (2011); due to the higher N-uptake obtained for 
that variety of lettuce (Table 5, rotation A).  
Janssen (1998) suggests that experiments on determination of apparent N-
recovery (REC) consider only the above-ground plant parts, and the marketable below-
ground plant parts of root and tuber crops.  According to Janssen, a standard value for 
REC could be around 50% and adjusted to 60% including the N in roots, the remaining 
40% of N can be lost by leaching or accumulate in the soil.  The REC was higher in fall-
winter crops than spring-summer ones for both rotations, except for chicory in 2011 
(Fig. 2f).  Chicory was the only crop with negative REC, which is evidence of the 
limitations of that crop to recover N and suggests that it is highly recommendable to use 
organic N during the growing period in order to prevent nitrate leaching.  In addition, 
the two crops grown during the spring-summer (lettuce and potato) showed a low REC 
(Fig. 2).  These crops present a high risk of N leaching, especially potato which was 
fertilized with a high quantity of N (180 kg·ha-1) in order to reach high yields; the use of 
organic N could be an option for lettuce and potato in order to prevent N leaching.  
Benincasa et al. (2011) indicate that sweet pepper requires high quantities of N and, at 
the same time, produces low REC.  This situation suggests that a considerable amount 
of mineral N was present in the soil at harvest and denotes the possibility of N leaching. 
Spring-summer crops show a constant trend in REC as the organic N content 
decreases and mineral N content increases (Fig. 2), which suggests the mineralization of 
organic N and similar N availability for all treatments.  On the contrary, for fall-winter 
crops, REC increases linearly as the mineral N content increases, which suggests the 
non-mineralization of organic N (Fig. 2).  In 2009, butterhead lettuce grown with ADRs 
(T50, T75 and T100) produced a lower REC than TMIN (Fig. 2b).  This variety of 
lettuce was grown in the early spring and was the only spring-summer crop that 
demonstrated a treatment effect.  The organic N did not have enough time for 
mineralizing in the soil and was not exposed to high temperatures which influenced the 
mineralization process.  On the other hand, the REC of T50 did not differ from that of 
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TMIN for the fall-winter crop of late radicchio (Fig. 2d), which suggests as far as N- 
uptake.  T50 could be a good fertilization option for fall-winter crops. 
  
  
  
Fig. 2. Nitrogen recovery (REC) using different doses of ADRs and chemical N. Blue lines 
represent spring-summer crops and red dotted lines represent fall-winter crops. (a) For 
looseleaf lettuce “Funtine” and late cauliflower “Atalaya Esasem” grown in rotation A. (b) For 
butterheat lettuce “Marenia” and early cauliflower “Freemont Royal sluiss” grown in rotation 
B. (c) For butterheat lettuce “Pronto” and early radicchio grown “T&T adige precoce” grown 
in rotation A. (d) For iceberg lettuce “Silvinas” and late radicchio “T&T adige tardivo” grown 
in rotation B. (e) For potato “Etna” and beet “White silver T&T” grown in rotation A. (f) For 
potato “Etna” and chicory “T&T Romea” grown in rotation B.  Values  followed by the same 
letter are not significantly different, according to Tukey test using a significance level of 0.05. 
 a
) 
b) a) 
c) d) 
e) f) 
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A comparison between the two rotations for three response variables is presented 
in Table 6. In general, rotation A produced a higher N-uptake and a higher UEANTAGDW 
than rotation B, mainly because of the higher N-uptake and UEANTAGDW for beet 2011 
in rotation A compared to a lower N-uptake and UEANTAGDW for chicory in rotation B 
(Table 5).  Rotation A appears to be the most suitable in environmental terms.  In all the 
cases, the interaction between N-treatment and rotation was not significant; thus, all the 
comparisons among treatments had the same effects for both rotations.  The CumN-
uptake and CumREC of T50 were not different from those of TMIN, due to the fact that 
T50 was fertilized with half-quantity of chemical N.  The lower risk of leaching of T50 
presents an advantage over TMIN.  Treatments T75 and T100 presented lower values 
for the same variables; however, these treatments do not present high risk of leaching 
because of their high content of organic component.  ADRs present advantages over 
animal slurry or similar fertilizers.  In general, ADRs have higher proportions of mineral 
N and less decomposable organic matter.  This fact is important because the fertilization 
effect of slurry is roughly equal to ammonium fertilization and N leaching from organic 
fertilization depends on organic content (Sørensen and Møller, 2009).  Finally, T50 and 
TMIN were the least efficient in terms of CumUEANTAGDW, while T75 and T100 were 
the most efficient to produce dry biomass for N-uptake (UF); these treatments are the 
most suitable in environmental terms. 
 
 
 
Figure 3 shows the response variables N-uptake against UEANMYFW for all 
crops.  During spring-summer seasons, all fast growing varieties of lettuce were 
Table 6
Treatment
T0 480.1 c 395.0 c 58.0 a 55.0 a
TMIN 699.1 a 581.2 a 32.0 a 26.8 a 53.0 b 49.0 b
T50 617.5 a 570.7 a 20.2 a 25.3 a 51.0 b 48.0 b
T75 581.5 b 478.7 b 15.0 b 12.0 b 56.0 a 54.0 a
T100 590.9 b 422.1 b 16.4 b  3.8 b 57.0 a 54.0 a
Rotation mean 593.8 A 489.8 B 20.9 A 17.0 A 55.0 A 52.0 B
Values  followed by the same letter are not significantly different, according to Tukey test P≤ 
0.05 level of significance.
Cumulative N-uptake, apparent recovery of fertilizer-N (REC), use efficiency of absorbed N 
calculated (UEAN) on the basis total above ground dry weight for two rotation schemes A 
CumN-uptake
(kg·ha-1)
CumREC (%)
CumUEANTAGDW 
(kg·kg-1)
Rotation A     Rotation B     Rotation B     Rotation A     Rotation B     Rotation A     
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characterized by a low N-uptake and a high UEANMYFW, except for butterhead lettuce in 
2009 which presented an intermediate value of UEANMYFW.  That means that those 
crops made an efficient use of N and can be cultivated in soils with high fertility or 
without chemical N.  Crops with intermediate to long growing cycles presented N-
uptake from high to intermediate and UEANMYFW from low to intermediate.  Crops with 
high N-uptake can be cultivated when chemical N is available and in soils that have a 
high risk of leaching.  Crops that presented intermediate values for both response 
variables can be cultivated regardless of the culture conditions. 
 
Fig. 3. N uptake against UEANMYFW for various crops grown with different doses of 
ADRs and chemical N  between 2009 and 2011. 
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4. Conclusions 
ADRs are valuable organic materials that can be used as fertilizers in horticulture.  
Their use provides significant amounts of nutrients and prevents N leaching.  For early 
spring crops, a combination of 50% organic and 50% chemical N was recommended.  
The chemical N supplies the initial crop requirement for this element, while the organic 
N provides the subsequent needs according to the mineralization process.  For spring-
summer crops, high temperatures during the crop cycle influence the trend of similar N 
recovery for all treatments.  For these crops, N requirement can be supplied using 100% 
ADRs.  For early fall crops, ADR treatments did not show N recovery as much as the 
mineral treatment because of the closeness of the fertilization and the transplanting 
times.  It is also due to the intermediate temperatures.  Appling ADRs a few weeks 
before transplanting can improve organic N availability.  In this regard, Sánchez et al. 
(1997) suggested that MSW-compost should be applied at least 3 months before 
transplanting.  For crops that were harvested in late fall or early winter, some ADR 
treatments showed a better N recovery and a better agronomic performance, ADRs are a 
good fertilization option for fall-winter crops.  Knowledge about NUE for different 
crops is fundamental to designing good rotation schemes that can prevent environmental 
problems. 
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Chapter III 
 
Use of municipal solid waste compost as fertilizers in open 
field horticulture: production and soil improvement 
approach. 
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Key words: municipal solid waste compost, organic fertilizer, soil organic matter, soil 
improvement, crop rotation, sustainable horticulture 
 
Abstract 
The loss of organic matter in soil is one of the most important impacts of 
intensive agriculture.  Several authors have suggested that the application of organic 
amendments on crop production can contribute to mitigating this problem.  At the same 
time, there are many concerns about the disposal of biodegradable municipal waste 
(BMW) in landfills.  Municipal solid waste (MSW) compost made with these materials 
can be used in agriculture, reducing the conventional landfill disposal and recycling 
valuable organic materials.  A trial test using MSW-compost was conducted at the 
experimental farm of the University of Padua in Italy, between 2007 and 2011.  The 
treatments were an unfertilized control (T0), a mineral fertilized control (TMIN) and 
three treatments in which 50, 100 and 200% of the nitrogen was supplied by MSW-
compost, T50, T100 and T200 respectively.  Various crops including tomato, spinach, 
green bean, bean, beets, savoy cabbage, onion and chicory were grown in two different 
rotations during the five-year experiment.  T100 enhances soil’s organic carbon and 
total nitrogen; improving soil structure, reducing water pollution and erosion.  Crop 
rotation helps to improve C:N.  Rotation A presented the higher content SOC.  MSW-
compost produced good quality vegetables, nitrate and heavy metal contents (Cd, Cr, Pb 
and Zn) were under allowable limits.  The following treatments are going to guarantee 
high production: for onion, bean, and savoy cabbage T50,  for beets and chicory T100, 
and for radicchio TMIN. 
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1. Introduction 
Agriculture has been seen all around the world as an economic activity designed 
to produce monocultures with the highest economic benefit in the shortest possible time. 
This approach has caused the abandonment of farmland due to salinization, pests and 
diseases, the expansion of monocultures, lack of water, drought and natural disasters.  
Farmers interested in continuous production on their farms not only should focus on 
productivity, but their fields should be managed in a sustainable way.  In this regard, in 
the transition to sustainability, there is an intermediate step in which conventional 
practices are replaced with sustainable practices, coupled with the use of crop rotation, 
cover and N-fixing crops, biological control, organic fertilizers (Gliessman et al., 2007). 
The loss of soil organic matter (SOM) is one of the major concerns derived from 
the conventional agricultural practices (Zhao et al., 2009).  Many authors have 
suggested that using MSW-compost helps to improve soil organic matter (Mylavarapu 
and Zinati, 2009; Fagnano et al., 2011) and supplies the plant nutrient requirements 
(Ozores-Hampton et al., 1994; Montemurro et al., 2005; Mylavarapu and Zinati, 2009; 
Fagnano et al., 2011), which are essential factors to ensure a successful crop production. 
On the other hand, MSW-compost obtained from processing BMW can be used in 
agriculture, reducing the conventional landfill disposal and recycling valuable organic 
material (Montemurro et al., 2005; Mkhabela et al., 2005; Farrell and Jones, 2009; 
Camacho et al., 2011).  According to Gliessman et al. (2007), the recycling of nutrients 
can be minimal in an agro-ecosystem, significantly reducing crop production.  Lack of 
organic matter in soil forces farmers to use excessive mineral fertilization that 
compromises agro-ecosystem sustainability.  
The use of MSW-compost ensures high levels of soil organic matter, however 
compost fertilization could increase soil contents of heavy metals and nitrates (Jordão et 
al., 2003).  High quantities of these elements accumulated in plants tissues may be a 
health risk to humans.  When MSW-compost is applied in soil, the major elements of 
concern are: Zn, Cu, Ni, Cd, Pb, Cr and Hg because their contents could be higher than 
the background levels expected in soil (CA, 2001).  Both heavy metals and nitrate must 
be verified continuously in a long term MSW-compost experiment.   
An experiment using MSW-compost as fertilizer in open field horticulture was 
conducted in order to determine if the use of this organic matrix has an effect on 
agronomic performance, heavy metal and nitrate contents in crops,  soil organic matter 
and total nitrogen.   
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2. Materials and methods 
2.1. Field preparation 
MSW-compost, produced by S.E.S.A. S.p.a., was used as fertilizer in open field 
horticulture.  The experiment was conducted at the Experimental Farm “Lucio Toniolo”, 
University of Padua, located at Legnaro in the Veneto Region (45°21’N latitude; 
11°58’E longitude; 6 m a.s.l.).  The soil at the site is silty-loam. 
Table 1 summarizes different crops grown from 2007 to 2011.  During spring-
summer and fall-winter periods of 2007, tomatoes and spinach were grown in plots of 
15.0 m x 27.0 m (405 m
2
).  From 2008 to 2011, each plot was split into two subplots of 
7,5 m x 27 m (202.5 m
2
) and two different crops were grown for each season; thus, two 
different crop rotations schemes were obtained: rotation A and rotation B.  Table 1 also 
summarizes the following crop information: varieties, dates of sowing and harvesting, 
plant spacing and densities.  Standard cultivation procedures for the region were carried 
out before and after transplanting or seeding the crops.  The mineral fertilizer and the 
MSW-compost used to grow the different crops are summarized in Table 3. 
 
2.2. MSW-compost 
 The chemical properties pH and electrical conductivity (EC) were measured 
using the European Standards 13037 and 13038 respectively.  Organic matter and 
organic carbon were determined with the European Standard 13039.  Total Kjeldahl 
nitrogen (TKN) was determined for the MSW-compost.  Elements P, K, Zn, Pb, Cr, Cd  
were measured adopting the Zancan et al. (2006) procedure for mineralization and ICP 
spectrophotometer readings. 
Table 2 reports the chemical characteristics of the MSW-compost used in the 
experiment.  This material presented pH values between 8.1 and 9.1, the Italian low 
748/1984 that regulates the use of this materials as soil improver suggested pH values 
from 6.5 to 8.5. EC was high (2.5 to 3.8 mScm
-1
) due to the high content of salts in this 
material, especially potassium.  Low 748/1984 establish 25% as minimum content of 
organic carbon, this material presented organic carbon contents that goes from 21.0 to 
30.9 %. The FAO (Dalzell et al., 1987) indicates that organic matter in compost ranges 
from 25 to 80%.  The MSW-compost used in this experiment ranges from 32.2 to 
70.1%.  Another parameter regulated by low 748/1984 is 50% maximum humidity, 
MSW-compost presented humidity from 26.9 to 31.0%.  
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Table 1 
Crops grown in rotation schemes A and B from 2007 to 2012 using different doses of MSW-compost. 
Year Season Crop Variety 
Date of Spacing between: 
Density 
(plant/m²) sowing harvest 
rows 
(m) 
plants 
(m) 
Rotation A 
2007 
Spring Tomato Perfectpeel May 21 Ago 30  0.40 0.25 3.5 
Fall Spinach SK20F1 Oct 10 Feb 18  0.15  0.065 101.5 
2008 
Spring Green bean Alicante June 3 Ago 6  0.40  0.10 25 
Fall Beets F216 Set 11 Nov 7  0.30  0.35 9.5 
2009 Fall Savoy cabbage 
Endeavour F1    
Royal Seed 
Ago 10 Dec 16  0.65 0.50 3 
2010 
Spring Onion Centurion April 1 July 28  0.48 0.25 8.3 
Fall Early growth radicchio T&T adige precoce Ago 27 Nov 24  0.40  0.30 8.5 
2011 
Spring Second-seed bean Etna May 4 July 21  0.70 0.15 9.5 
Fall Beets White silver T&T Ago 23 Nov 2  0.45 0.35 6.3 
Rotation B 
2008 Spring Bean Teggio June 3 Ago 13  0.75 0.10 13.3 
Fall Spinach Rythm Set 18 Nov 19  0.15 0.075 88.8 
2009 
Fall Beets 
Barese Apulia 
ESASEM 
Ago 21 Oct 14  0.53 0.35 5.4 
2010 Spring Onion Centurion April 1 July 28  0.48 0.25 8.3 
Fall Late growth radicchio T&T adige tardivo Ago 27 Jan 13  0.40 0.30 8.5 
2011 Spring First-seed bean Etna April 18 July 13  0.70 0.15 9.5 
Fall Chicory T&T Romea Ago 23 Nov 17  0.45 0.35 6.3 
In 2007 the crops growing in rotation A and B were the same.  
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On the other hand, according to Tisdale and Nelson (1970), in soils high in 
organic materials, C:N ratio should be approximately 10, MSW-compost used in this 
experiment presented higher C:N ratios, all under the 25 maximum value establish by 
low 748/1984.A  ccording to Mathur et al. (1993) immobilization occurs when the C:N 
ratio is above 20, only in 2007-2008 MSW-compost was close to this threshold.  
Finally, heavy metal contents (Pb, Cd and Zn) were below the limits specified by the 
law 748/1984. 
 
 
2.3. Experimental design 
Three fertilization combinations were tested using MSW-compost to substitute 
mineral N: one fertilized with 50% MSW-compost and 50% mineral fertilizer (T50), 
one with 100% MSW-compost (T100) and the last one with 200% MSW-compost 
(T200).  There were also two controls, one unfertilized (T0), and one with mineral 
fertilization (TMIN).  Table 3 shows N, P and K minerals supplied according to standard 
recommendations in the area for each crop (Calzavara et al., 2009); the P and K content 
Table 2
spring fall spring fall
pH 8.1 9.1 8.8 8.2 9.1 9.1
Electrical conductivity (mS∙cm-1) 3.8 3.0 2.5 2.7 3.2 3.0
Organic matter (%) 42.4 48.0 53.2 47.8 45.4 36.2
Organic carbon (%) 24.6 27.8 30.9 27.8 26.4 21.0
Dry matter (%) 73.1 69.0 69.3 70.3 68.2
C:N ratio 22.4 13.8 12.4 13.9 17.6 13.5
N (% dry wt) 1.1 2.0 2.5 2.0 1.5 1.6
P (% dry wt) 0.2 0.4 0.5 0.6 0.7 0.5
K (% dry wt) 0.4 1.3 1.3 1.3 1.7 1.3
Cr (mg·kg-1 dry wt) 1,2 29.5 12.3 13.5 20.2 18.9
Pb (mg·kg-1 dry wt) 2,1 8.1 17.2 21.1 23.2 26.3
Cd (mg·kg-1 dry wt) 0.0 0.0 0.2 0.1 0.0 0.0
Zn (mg·kg-1 dry wt) 17 146 155 146 244 177
Chemical properties of MSW-compost used to grow different crops from 2007 to 
2011. 
Heavy metals
 Macronutrients 
2011 2009 
spring
20102007-2008
spring
Feature
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in the MSW-compost was taken into consideration to calculate the amount of P and K 
minerals used in the different treatments.  
 
 
 
2.4. Crop sampling 
Ten plants in every plot were randomly selected and harvested at maturity.  Total 
and marketable fresh weight were measured.  One subsample of approximately one 
kilogram of marketable product and one kilogram of residues were selected to measure 
marketable and residues dry matter.  Harvesting dates are reported in Table 1.  
For all crops, total Kjeldahl nitrogen (TKN), nitrate (NO3) and heavy metal 
content (Zn, Pb, Cr, Cd) were evaluated in a subsample of dry commercial product, 
while for non-commercial product only TKN was analyzed.  Nitrate was determined by 
the colorimetric method (Pfaff, 1993), and heavy metal concentrations were determined 
adopting the Zancan et al. (2006) procedure for mineralization and ICP 
spectrophotometer readings. 
 
Table 3
Mineral fertilizer and MSW-compost mixture used to growth different crops between 2007 and 2011.
Treatment N
(1)
P
(2)
K
(4) Comp N
(1)
P
(2)
K
(4) Comp N
(1)
P
(3)
K
(4) Comp N
(1)
P
(3)
K
(4) Comp
T0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TMIN 150 100 100 0 30 100 100 0 120 80 160 0 110 200 200 0
T50 75 84 75 6500 15 97 95 1300 60 72 148 3333 55 171 166 4976
T100 0 67 50 13000 0 93 90 2600 0 64 136 6667 0 143 132 9953
T200 0 34 0 26000 0 87 80 5200 0 48 112 13333 0 85 64 19906
Treatment N
(1)
P
(3)
K
(4) Comp N
(1)
P
(3)
K
(4) Comp N
(1)
P
(3)
K
(4) Comp
T0 0 0 0 0 0 0 0 0 0 0 0 0
TMIN 150 100 100 0 130 60 180 0 120 150 160 0
T50 75 73 93 6800 65 39 153 3250 60 106 102 5639
T100 0 46 86 13600 0 19 126 6500 0 63 44 12277
T200 0 0 0 27200 0 0 72 13000 0 0 0 22555
Fall-winter
Mineral fertilizers used: Urea (46%)
(1)
, mineral phosphate (18-21%)
(2)
, triple superphosphate (46%)
(3) 
and potassium sulphate (50-52%)
(4)
. Mineral and organic fertilizers added (kg·ha
-1
). Spinach 2007, Beet
2008 and Spinach 2008 were not fertilizated.
Bean 2011
Spring-summer
Tomato 2007
Bean-green bean
2008
Onion 2010
Beet-chicory 2011Radicchio 2010
Beet-savoy cabbage
2009
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2.5. Soil sampling 
In December 2011, soil samples were collected at two different depths, one at  0-
20 cm and the other at 20-40 cm.  Five samples from different points of each plot were 
taken and mixed; with the objective of having a homogenous and representative unique 
sample.  The soil samples were air-dried at room temperature and passed through 2.0 
mm sieve before deterring soil organic carbon (SOC) and total Kjeldahl nitrogen 
(TKN).  SOC was measured by the Walkley and Black (1934) method.  Electrical 
conductivity and pH in soil samples were measured according to the procedure from the 
“Gazzetta Ufficiale n. 121 25/5/92”.  To determine electrical conductivity (EC), 20 g of 
soil was suspended in 40 ml deionized (DI) water and stirred for one minute.  The 
suspension was left resting one night and filtered before EC measurement.  Ten g of soil 
was suspended and stirred in 25 ml DI water.  The suspension was left resting one night 
before pH measurement.   
 
2.6. Data analysis 
A program in R version 2.12.1 was written for the statistical analysis.  Analysis 
of variance (ANOVA) was used to evaluate treatment effect for each individual 
response variable (marketable yield, total biomass, nitrate and heavy metal contents).  
Crop effect was also evaluated by adding the crop as a factor in the ANOVA for 
marketable yield and total biomass.  This was done in the case of onion 2010 and bean 
2011 because the same crop varieties were used for both rotations.  For these two crops, 
the interaction between treatment and crop was not significant, thus the results of the 
comparisons among treatments are the same for both rotations.   
Response variables: pH, electrical conductivity, total Kjeldahl nitrogen, soil 
organic carbon and C:N ratio were analyzed including treatment, rotation and depth in 
ANOVA as factors.  Interactions between each pair of factors were not significant, thus 
all comparison among treatments apply in the same way for both rotations.   
Compliance with assumptions of the model was verified using the Shapiro test 
for normality of the residuals, and the Fligner test for homogeneity of variances.  When 
treatment effect was significant, multiple Tukey comparisons were performed. 
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3.  Results and discussion 
3.1.  Production  
Total biomass and marketable yield are the response variables presented in this 
section.  Treatments did not present significant differences for the response variables for 
tomato, green beans and beans during the spring-summer of 2007 and 2008 (Table 4, 
rotation A and B).  That suggests a high initial fertility in plots where the experiment 
was conducted.  Fall-winter crops in 2007 and 2008 were not fertilized in order to 
determine the effect of using the residual fertilization from the previous season; for 
spinach 2007,  the non-fertilized treatment produced the highest values for the two 
response variables (Table 4, rotation A).  This supports the idea of high residual fertility 
resulting from previous agronomic activities.  However, it is expected that the statistical 
differences between non fertilized and fertilized treatments will become more evident 
during the next years.  Indeed spinach 2008 presented differences between treatments, 
TMIN, T50 and T100 produced higher marketable yield and total biomass than T0 
(Table 4, rotation B).  Regarding the effect of residual fertilization, spinach 2008 
presented higher marketable yields than the production rates expected for the region 10-
20 Mg·ha
-1
 (Bianco and Pimpini, 1990).  On the contrary, marketable yields for beet 
2008 were under the lower limit for the production rate expected for the region 30-60 
Mg·ha
-1
 (Bianco and Pimpini, 1990).  Sowing spinach in fall-winter with the residual 
fertility from the previous period it a good sustainable practice for that region.   
Treatments T50 produced the highest marketable yield and total biomass for 
onions 2010 (Table 4, rotation A and B).  This crop did not present significant 
differences between rotations for the two response variables.  On the other hand, T50 
produced marketable yield and total biomass as much as TMIN for beans 2011.  For 
beans statistical differences were found between rotations.  Beans 2011, seeded on April 
18 (rotation B) produced lower marketable yield and total biomass than those seeded 
two weeks later (rotation A), rotation B produced 4.2 and 11.7 Mg·ha-1 while rotation A 
produced 6.4 and 19.7 Mg·ha-1 for each variable respectively.  For these crops, T50 
could be a good fertilization option, because with this combination the mineral 
component supplies the initial N requirement for the plant and the MSW-compost 
release organic N for subsequent needs according to the mineralization process.  When 
beans are seeded on different dates with the purpose of being harvested several times 
during the spring-summer period, those seeded at the late spring could be fertilized with 
100% MSW-compost.  This material is going to have more chance to be mineralized 
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and become available for plants.  In this regard, Sánchez et al. (1997) have suggested 
that MSW-compost should be applied at least 3 months before planting in order to 
improve compost-N availability.  
 
Related to fall-winter crops, treatment T50 produced no different marketable 
yield from TMIN for savoy cabbage (Table 4, rotation A).  For beet 2009, all treatments 
with MSW-compost (T50, T100 and T200) produced the highest values for marketable 
yield and total biomass (Table 4, rotation B), similarly for the same response variables, 
treatments with MSW-compost presented no differences from TMIN for beet 2011 
(Table 4, rotation A), beets fertilized with MSW-compost were above the lower limit 
expected for beets in the region 30 Mg·ha
-1
 (Bianco and Pimpini, 1990).  Mineral 
treatment (TMIN) produced the highest marketable yield and total biomass for early and 
Table 4
Season:
Crop:
Marketable yield (Mg·ha-1)
T0 153 a 24.0 a 15.0 a 22.2 a 23.7 b 8.4 bc 11.7 bc 3.9 bc 28.8 b
TMIN 106 a 22.7 ab 15.2 a 23.5 a 35.2 a 10.1 bc 29.5 a 5.8 a 50.6 a
T50 113 a 18.3 bc 19.0 a 26.6 a 34.4 a 13.8 a 18.6 b 6.2 a 53.6 a
T100 104 a 17.3 c 14.0 a 24.6 a 28.0 ab 10.6 ab 6.2 c 5.3 ab 45.0 a
T200 102 a 22.6 ab 14.1 a 26.5 a 21.0 b 7.0 c 6.6 c 5.4 a 45.0 a
Total biomass (Mg·ha-1)
T0 253 a 34.0 a 40.6 a 25.6 a 46.5 a 9.0 bc 18.3 bc 11.1 b 37.1 b
TMIN 218 a 31.6 ab 45.4 a 27.8 a 60.8 a 10.9 bc 49.9 a 17.0 a 67.0 a
T50 225 a 25.0 bc 51.7 a 30.3 a 56.9 a 14.7 a 30.5 b 19.2 a 70.5 a
T100 225 a 24.1 c 33.6 a 29.6 a 54.9 a 11.6 ab 9.4 c 16.0 ab 63.7 a
T200 224 a 30.1 abc 39.6 a 30.8 a 43.3 a 7.8 c 10.4 c 15.3 ab 61.9 a
Crop:
Marketable yield (Mg·ha-1)
T0 153 a 24.0 a 5.0 a 23.7 c 20.8 b 8.4 bc 13.1 ab 3.9 bc 29.5 a
TMIN 106 a 22.7 ab 5.1 a 33.5 ab 26.1 ab 10.1 bc 18.4 a 5.8 a 33.9 a
T50 113 a 18.3 bc 5.2 a 34.1 a 30.3 a 13.8 a 16.0 ab 6.2 a 41.4 a
T100 104 a 17.3 c 3.9 a 30.3 ab 29.0 a 10.6 ab 12.3 ab 5.3 ab 30.4 a
T200 102 a 22.6 ab 4.8 a 29.1 b 31.5 a 7.0 c 8.5 b 5.4 a 27.6 a
Total biomass (Mg·ha-1)
T0 253 a 34.0 a 17.8 a 28.0 b 32.0 c 9.0 bc 27.3 ab 11.1 b 35.2 a
TMIN 218 a 31.6 ab 20.7 a 39.2 a 39.5 bc 10.9 bc 49.5 a 17.0 a 38.9 a
T50 225 a 25.0 bc 16.8 a 38.6 a 45.9 ab 14.7 a 35.9 ab 19.2 a 48.1 a
T100 225 a 24.1 c 14.4 a 35.0 a 45.2 ab 11.6 ab 24.4 ab 16.0 ab 36.6 a
T200 224 a 30.1 abc 16.7 a 34.8 a 48.4 a 7.8 c 16.3 b 15.3 ab 33.2 a
Values followed by the same letter are not significantly different, according to Duncan test p≤ 0,05 level of
significance. (*) Crop effect was evaluated as a factor in the ANOVA because the same crop varieties were used for
both rotations. The interaction between treatment and crop was not significant, thus the results of the comparisons
among treatments are the same for both rotations.
2009
Savoy 
cabbage
BeetTomato Spinach Bean Spinach *Onion
*Bean 
1st seed
Chicory
Tomato Spinach 
2008 2010 2011
Beet
Late 
radicchio
Green 
bean
Beet *Onion
Early 
radicchio
*Bean 
2nd seed 
Rotation B
Fall- 
winter
Fall- 
winter
Fall- 
winter
Rotation A
Effect of mineral fertilizer and different doses of MSW-compost on marketable yield, total biomass and dry matter  
for different crops growing in two rotation schemes (Rot A and Rot B) from 2007 to 2011.
2007
Spring-
summer 
Fall- 
winter
Spring-
summer 
Fall- 
winter
Spring-
summer 
Spring-
summer 
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late radicchio 2010  (Table 4, rotation A and B), high rainfall and low temperatures (Fig. 
1) did not benefit the organic N mineralization for MSW-compost treatments.  Finally, 
statistical differences were not found between treatments for chicory 2011 in terms of 
marketable yield and total biomass (Table 4, rotation B), nonetheless T50 presented the 
highest average for these variables.  Summarizing the fall-winter results, T100 could be 
a good fertilization option for fall-winter beets, while savoy cabbage could be fertilized 
with T50 and radicchio with TMIN. 
 
Fig. 1 Smooth curve of temperature and mean rainfall per week (points) during the period 2009 
to 2011.  Dashed lines indicate the crop cycle  for spring-summer crops and dotted lines 
indicate the crop cycle for fall-winter crops.   
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3.2.  Crop quality 
 In 2009, nitrate and heavy metal contents started to be monitored for crops 
growing with MSW-compost.  The Commission of the European Communities (CEC) 
in regulation No 1822/2005 was concerned about the nitrate levels in green leafy 
vegetables like lettuce and spinach.  Despite other leafy vegetables like radicchio, beets 
or chicory are not regulated in this document and spinach levels are going to be used as 
reference.  NO3 maximum level for spinach harvested from 1 April to 30 September is 
2500 mg·kg
-1
 fresh weight (FW) and for harvested from 1 October to 31 March is 3000 
mg·kg
-1
 FW.  All crops including non-leafy vegetables like onions and beans were 
below these limits (Table 5).  Beets were the crop with the highest NO3 contents and in 
2011 treatments TMIM, T50 and T200 and presented the highest NO3 contents while 
T100 and T0 presented the lower values.  On the other hand, TMIN and T100 were the 
treatments with the higher NO3 contents for chicory 2011.  High NO3 contents for 
MSW-compost treatments suggest organic N mineralization and they need to be 
monitored.  In Naples, Fagnano et al. (2011) reported no significant differences for 
nitrate content in lettuce produced with different doses of MSW-compost.  Moreover, 
nitrate was higher in winter than in summer (624 vs. 363 mg·kg
-1 
FW).  Similarly in this 
experiment spring-summer crops presented the lower NO3 (Table 5).  
Heavy metal (Pb and Cd) contents are regulated by the CEC in regulation No 
466/2001.  Maximum Pb and Cd in leafy and Brassica vegetables are 0.30 and 0.20 
mg·kg
-1
 FW respectively, while in other vegetables it is 0.10 and 0.05 mg·kg
-1
 FW.  Pb 
contents in leafy and Brassica vegetables (savoy cabbage, beets, chicory, early and late 
radicchio) were below the maximum limits permitted for that metal in crop tissues, 
similarly onion and bean Pb contents were bellow the Pb limit permitted in other 
vegetables (Table 5).  Only savoy cabbage and radicchio presented Cd in crop tissues 
and all contents were below maximum limits permitted.  On the other hand, Zn contents 
in crops tissues were high (Table 5).  That could be explained because Zn is usually 
present in larger concentrations in compost-amended soils and can be easily transferred 
to plant tissues (Smith, 2009); however, all treatments fertilized with MSW-compost 
presented similar Zn contents as the unfertilized control.  Finally, Cr contents in MSW-
compost treatments were similar to the unfertilized control, the only case in which T100 
presented a higher Cr content than TMIN was for early radicchio 2010.  In Naples, with 
respect to this issue, amending with 60 (Mg·kg
-1
)
 
MSW-compost did not show an 
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important impact on metal contents in lettuce, only Pb presented level of 1.15 mg·kg
-1
 
FW above the limit establish by European regulation (Fagnano et al., 2011). 
 
  
Table 5
2010 2011
Nitrate (mg·kg-1 fresh weight)
T0 759.5 a 10.3 a 12.8 b 0.0 889 b 2620 a 415.6 a 450 b
TMIN 773.3 a 282.2 a 263.6 a 0.0 2160 a 2696 a 372.0 a 1094 a
T50 820.6 a 0.0 a 68.3 b 0.0 2041 a 2462 a 527.3 a 802 ab
T100 611.2 a 0.0 a 166.4 ab 0.0 821 b 2341 a 504.5 a 901 a
T200 438.6 a 11.1 a 12.7 b 0.0 1928 a 1945 a 288.3 a 767 ab
Cr (mg·kg-1 dry matter)
T0 0.2 a 1.7 a 3.1 ab 0.1 a 1.5 a 2.2 a 1.9 a 4.1 a
TMIN 0.2 a 1.4 a 1.4 b 0.2 a 1.3 a 1.9 a 0.6 a 6.3 a
T50 0.2 a 1.0 a 2.0 ab 0.2 a 1.1 a 3.0 a 0.5 a 3.0 a
T100 0.2 a 1.2 a 3.7 ab 0.1 a 1.4 a 2.1 a 1.2 a 5.0 a
T200 0.2 a 1.7 a 4.2 a 0.2 a 1.0 a 1.9 a 0.7 a 4.5 a
Pb (mg·kg-1 dry matter)
T0 0.6 a 1.2 a 0.0 1.0 a 3.1 a 0.6 a 2.3 a
TMIN 0.5 a 0.7 a 0.0 0.8 a 0.3 a 0.2 a 3.5 a
T50 0.6 a 0.4 a 0.0 0.7 a 1.6 a 0.0 a 1.7 a
T100 0.5 a 2.1 a 0.0 0.7 a 2.8 a 0.3 a 2.7 a
T200 0.6 a 1.4 a 0.0 0.8 a 1.1 a 0.2 a 2.8 a
Zn (mg·kg-1 dry matter)
T0 20.0 a 32.1 a 117 ab 15.4 a 72.2 a 131 a 257 a 55.4 a
TMIN 15.0 a 21.6 a 69 ab 14.4 a 61.9 a 109 a 81 a 80.6 a
T50 15.6 a 26.4 a 51 b 16.7 a 56.1 a 154 a 181 a 50.4 a
T100 16.6 a 25.5 a 89 ab 16.0 a 64.8 a 164 a 200 a 69.9 a
T200 15.2 a 27.9 a 163 a 20.3 a 72.7 a 180 a 176 a 61.0 a
Cd (mg·kg-1 dry matter)
T0 0.0 0.0 0.1 a 0.0 0.5 a 0.2 a 0.1 a 0.3 a
TMIN 0.0 0.0 0.1 a 0.0 0.4 a 0.2 a 0.1 a 0.4 a
T50 0.0 0.0 0.1 a 0.0 0.1 c 0.2 a 0.0 a 0.4 a
T100 0.0 0.0 0.1 a 0.0 0.3 ab 0.2 a 0.0 a 0.4 a
T200 0.0 0.0 0.1 a 0.0 0.2 bc 0.2 a 0.0 a 0.4 a
Effect of mineral fertilizer and different doses of MSW-compost on nitrate and heavy methal  
contents  in crop tissues, crops from two rotation schemes between 2009 to 2011.
Rotation A Rotation B
2009 2010 2011 2009
Values followed by the same letter are not significantly different, according to Tukey test P≤ 0.05
level of significance. For potato 2010 and bean 2011, nitrate and heavy metal contents were
measured only for rotation A.
Chicory
Savoy 
cabbage 
Onion 
Early 
radicchio
Bean Beet Beet 
Late 
radicchio
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3.3.  Soil characterization  
Table 6 shows pH and electrical conductivity in plots where the experiment was 
conducted.  All treatments fertilized with MSW-compost presented no different pH than 
the unfertilized control, which suggests that soil pH did not change when using MSW-
compost.  Similarly, Poulsen et al. (2012) did not find significant differences between 
MSW-compost and unfertilized control in an experiment using different urban waste as 
fertilizers in an open field experiment in Denmark.  Nonetheless many authors have 
found that soil pH increases with the use of MSW-compost (Maynard, 1995; Khalilian 
et al., 2002; Mkhabela et al., 2005).  Checking acidity in soils is important because plant 
nutrients are more easily available in soils with pH around 6.5 (Mkhabela et al., 2005).  
Rotation B presented a higher pH than rotation A.  Although both rotations were 
fertilized in the same way, different crops were grown in both rotations, which could 
influence the differences in pH.  No differences were found in soil depth when 
fertilizing with MSW-compost.  On the other hand, TMIN presented the highest EC 
while MSW-compost treatments (T50 and T100) and showed intermediate EC, which is 
important because it shows that salts in soil are not increasing when using MSW-
compost.  In this regard, Mylavarapu and Zinati  (2009) indicated that build up of soil 
EC is one of the main concerns arising from long-term compost applications.  Finally, 
Bottom soil (20-40cm) presented a higher EC than top soil (0-20cm) and EC was the 
same for both rotations.  Both pH and EC must continue to be monitored in this long-
term period MSW-compost experiment.  
 
T0 7.3 a 0.25 c
TMIN 7.3 a 0.38 a
T50 7.4 a 0.32 b
T100 7.4 a 0.33 b
T200 7.4 a 0.36 ab
A 7.3 b 0.32 a
B 7.4 a 0.34 a
0-20 cm 7.4 a 0.29 b
20-40 cm 7.3 a 0.37 a
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Table 6
Effect of different doses of MSW-compost 
and chemical fertilizer on pH and electrical 
conductivity (EC) after 5 years of 
pH
EC
 (mS∙cm-1)
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 Figure 2 shows TKN in soil for treatments, rotations and depths.  T100 presented 
a higher TKN than TMIN and T50.  This suggests a higher availability of organic N for 
plants.  In this regard, Fagnano et al. (2011) in lettuce production found differences 
between treatments in organic N concentrations, from July to December 2004 it 
increased with the increased of dose in the compost-fertilized plots (10, 30, 60 Mg·kg
-1 
MSW-compost added) in comparison with the unfertilized and mineral fertilized 
controls.  Nonetheless, T200 presented the highest TKN, and a low agronomic 
performance was obtained with this treatment, making this less convenient.  Despite 
both rotations being fertilized in the same way, rotation A presented the highest TKN 
value, which can be explained because of the higher amount of dry matter residues in 
rotation A (26.4 Mg·ha
-1
) in comparison with those in rotation B (22.1 Mg·ha
-1
).  
Indeed, TKN was higher on top soil (0-20 cm) where the dry matter residues were left 
and started the decomposition process.  
 
Fig. 2.  Total Kjeldahl nitrogen (N) in soil after five years of using different doses of  MSW-
compost.  Fertilization treatments: unfertilized control (T0),  mineral fertilized control (TMIN), 
50% of N supplied by MSW-compost and 50% chemical N (T50), 100% of N supplied by 
MSW-compost (T100), 200% of N supplied by MSW-compost (T200), two crop rotations (A 
and B) and soil depths (0-20 and 20-40 cm).  Values  followed by the same letter are not 
significantly different, according to Tukey test using a significance level of 0.05. 
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On the other hand, organic carbon increased with the increased of dose in MSW-
compost (Fig. 3).  In two different experiments--one in Florida and the second one in 
Denmark--soil carbon and nitrogen concentrations increased when amending soils with 
MSW-compost or in combination with chemical N (Mylavarapu and Zinati, 2009; 
Poulsen et al. 2012).  T100 and T50 presented the second and third highest organic 
carbon contents respectively.  These treatments presented also a good agronomic 
performance as described in the production section; therefore, they are good fertilization 
options in order to ensure yield and improve soil.  Other authors  suggest that fields 
continuously fertilized with MSW-compost increase SOC contents (Crecchio et al., 
2001, Mylavarapu and Zinati et al., 2001).  Rotation A and top soil presented higher 
organic carbon contents than rotation B and bottom soil, which can be explained 
because of the higher dry matter residues produced and left in soil after harvesting. 
 
Fig.3.  Soil organic carbon content after five years of using different doses of  MSW-compost.  
Fertilization treatments: unfertilized control (T0),  mineral fertilized control (TMIN), 50% of N 
supplied by MSW-compost and 50% chemical N (T50), 100% of N supplied by MSW-compost 
(T100), 200% of N supplied by MSW-compost (T200), two crop rotations (A and B) and soil 
depths (0-20 and 20-40 cm).  Values  followed by the same letter are not significantly different, 
according to Tukey test using a significance level of 0.05. 
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In figure 4 treatments T0, TMIN and T50 presented the highest C:N rations 
while T200 the lowest C:N ration.  Tisdale and Nelson (1970) suggested that in soils 
high in organic materials, this ratio should be approximately 10.  T200 has a 10 C:N 
ration, although T100 did not achieve to reach the same group as T200.  This is the only 
treatment closer to reaching that condition.  On the other hand, rotation A presented a 
10.5 C:N ratio lower than 11.9 C:N ratio in rotation B, that condition plus higher TKN 
and SOC contents makes rotation A more sustainable than rotation B.  That fact 
supports the importance of implementing crop rotations. 
 
Fig.4. C:N ratio in soil after five years of using different doses of  MSW-compost.  Fertilization 
treatments: unfertilized control (T0),  mineral fertilized control (TMIN), 50% of N supplied by 
MSW-compost and 50% chemical N (T50), 100% of N supplied by MSW-compost (T100), 
200% of N supplied by MSW-compost (T200), two crop rotations (A and B) and soil depths 
(0-20 and 20-40 cm).  Values  followed by the same letter are not significantly different, 
according to Tukey test using a significance level of 0.05.  
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4. Conclusions 
The use of MSW-compost in horticulture is going to produces good quality 
vegetables.  NO3 and heavy metal contents were bellow the limit established by the 
CEC.  Furthermore, crops like onion, bean, savoy cabbage produced the highest 
marketable yield when they were fertilized with the a combination of 50% MSW-
compost and 50% mineral N, while beets produced the highest yield with the treatment 
100% MSW-compost.  The addition of crop residues influenced higher SOC and 
nutrient contents.  These residues can vary widely from crop to crop, so rotations help in 
this regard because crops are changed regularly.  Moreover, fertilizing with T100 also 
enhances soils organic carbon and nutrients; improving soil structure, reducing water 
pollution, erosion and dependence on mineral N.  Nonetheless, T50 produced better 
agronomic performance for many crops and part of this productivity can be 
compromised with the environment, implementing 100% MSW-compost fertilization on 
the way to sustainability.  
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Chapter IV 
 
Use of municipal solid waste compost as fertilizers in open 
field horticulture: environment approach. 
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Key words: nitrogen use efficiency, CO2 balance, municipal solid waste compost, 
organic fertilizer, sustainable horticulture 
Abstract 
Greenhouse gas emissions have increased global warming in the last few 
decades.  International agreements have been reached in order to reduce these 
emissions.  Agriculture can offer an important opportunity to decrease the levels of CO2 
in the atmosphere.  In horticulture, there are few studies that quantify CO2 fixed in soil 
(CO2Soil), fixed in dry marketable yield (CO2MY) and released by the crop production 
process (CO2CPP) in order to provide a balance of CO2 (CO2Balance).  An experiment 
using municipal solid waste (MSW) compost was carried out at the experimental farm 
of the University of Padua in Italy, between 2007 and 2011.  The treatments were an 
unfertilized control (T0), a mineral fertilized control (TMIN) and three treatments in 
which 50, 100 and 200% of the nitrogen was supplied by MSW-compost, T50, T100 
and T200 respectively.  Various crops including tomato, spinach, green bean, bean, beet, 
savoy cabbage, onion and chicory were grown in two different rotations during the five-
year experiment.  With the software “Bilancio Ambientale” developed by the University 
of Padua, and using the field crop production information, CO2 balance was calculated 
for each crop and for both rotations.  On the other hand, farmers apply high quantities of 
chemical nitrogen (N)  and in many cases plants absorb only part of this element, 
causing soil erosion and water pollution by nitrate leaching.  Nitrogen use efficiency 
(NUE) was calculated for each crop and both rotations, in order to understand what 
happens with the N applied.  T50 fixed the highest amount of CO2MY.  Treatment T200 
was less sustainable because of the higher CO2CPP and the lower CO2Balance.  
Rotation A fixed more CO2Soil than rotation B.  Understanding the physiology of crops 
by NUE helps design sustainable rotations, for example, in spring-summer onion 
presented a low recovery of N, T50 will ensure the highest N recovery and production.  
Beets presented a great ability to recover N and did not present differences between 
treatments, so T100 is a good fertilization option for this fall-winter crop in 
environmental and production terms. 
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1. Introduction 
Energy is essential for almost all human activities.  Fossil fuel is a principal 
source of energy in both developed and underdeveloped countries and its use increases 
greenhouse gases (GHGs); carbon dioxide (CO2) is an important GHG emitted from the 
farming sector (Brandão et al., 2010).  Nonetheless, crops capture CO2 by means of 
photosynthesis and store it as carbon in their biomass, and at the same time agriculture 
should mitigate GHGs by its capacity to fix carbon in soil (Tans et al. 1990).  Soil is one 
of the biggest pools of carbon in terrestrial ecosystems (Zhang et al., 2011) and it is 
hypothesized that 1.8 billion tons of carbon are fixed by soil's organic matter (Brown et 
al., 1992; Brandão et al., 2010).   
Nitrogen (N) is essential to ensure crop yield and quality.  Farmers apply N-
based fertilizers to achieve their production goals; applications that exceed plant 
demand can cause soil erosion and water pollution by nitrate leaching.  In order to avoid 
these problems, optimal crop practices must be established to obtain high yields of the 
best quality, diminishing negative environmental effects (Šturm et al., 2010; Chen et al., 
2004; Tei et al.,1999).  Studying the nitrogen use efficiency (NUE) seems to be an 
important approach for understanding how to adjust N-based fertilization.  There are 
two indicators to analyze NUE: apparent N recovery (REC) that measures the ability of 
crops to take up N from soil, and the use efficiency of absorbed N (UEAN) that 
measures the efficiency of crops to use absorbed N in order to produce yield (Benincasa 
et al., 2011; Janssen, 1998; Greenwood et al., 1989). 
Intensive agriculture causes negative effects on the environment through loss of 
soil organic matter, erosion and water pollution (Zhao et al., 2009).  The European 
Union is seeking to reduce CO2 emissions with regional policies that promote 
sustainable agriculture (Munksgaard and Pedersen, 2001).  On the other hand, there are 
many concerns about the disposal of biodegradable municipal waste (BMW) in 
landfills, which represent a potential loss of valuable organic matter and can affect the 
environment (Farrell and Jones, 2009).  Municipal solid waste (MSW) compost 
obtained from processing BMW can be used in agriculture, reducing conventional 
landfill disposal and recycling valuable organic material (Montemurro, 2005; Camacho 
et al., 2011). 
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An experiment was carried out to determine if the use of MSW-compost at 
different application rates had an effect on agronomic performance in diverse crops 
grown in two rotations from 2007 to 2011.  The data obtained from this experiment was 
used to determine energy consumption, CO2 released by the crop production process, 
CO2 fixed in soil,  CO2 fixed in dry marketable yield and CO2 balance.  Additionally, 
NUE of the different crops was determined in order to better adjust N-fertilization and 
avoid environmental problems.   
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2. Materials and methods 
2.1. MSW-compost experiment 
MSW-compost were used as fertilizer in open field horticulture.  The experiment 
was conducted at the Experimental Farm “Lucio Toniolo”, University of Padua, located 
at Legnaro in the Veneto Region (45°21’N latitude; 11°58’E longitude; 6 m a.s.l.).  
Table 1 summarizes the following information of the crops grown in this experiment: 
varieties, dates of sowing and harvesting, plant spacing and densities.  Section 2 of 
chapter III (page 44) contains information related to the MSW-compost experiment: 
plot dimensions MSW-compost characterization and crop sampling. Standard 
cultivation procedures for the region were carried out before and after transplanting or 
seeding the crops (Appendix 1).   
 
 
Three fertilization combinations were tested using MSW-compost to substitute 
mineral nitrogen (N):  one with 50% MSW-compost and 50% mineral fertilizer (T50), 
one with 100% MSW-compost (T100) and the last one with 200% MSW-compost 
(T200).  There were also two controls, one unfertilized (T0), and one with mineral 
fertilization (TMIN).  Elements N, P and K were applied according to standard 
Crop Variety Crop Variety
Spring-
summer
Tomato Perfectpeel Tomato Perfectpeel
Fall-
winter
Spinach SK20F1 Spinach SK20F1
Spring-
summer
Green bean Alicante Bean Teggio
Fall-
winter
Beets F216 Spinach Rythm
2009
Fall-
winter
Savoy 
cabbage
Endeavour F1 
Royal Seed
Beets
Barese Apulia 
ESASEM
Spring-
summer
Onion Centurion Onion Centurion
Fall-
winter
Early growth 
radicchio
T&T adige 
precoce
Late growth 
radicchio
T&T adige 
tardivo
Spring-
summer
Second-seed 
bean
Etna
First-seed 
bean
Etna
Fall-
winter
Beets
White silver 
T&T
Chicory T&T Romea
2008
2010
2011
Year Season
Table 1
Crops grown in rotation schemes A and B from 2007 to 2012 using different 
doses of MSW-compost.
Rotation A Rotation B
2007
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recommendations in the area for each crop (Calzavara et al., 2009); the P and K content 
in the MSW-compost  was taken into consideration to calculate the amount of P and K 
minerals used in the different treatments.  Mineral N and MSW-compost used to grow 
the different crops are summarized in Table 2. 
 
 
2.2. Nitrogen use efficiency  
 Nitrogen use efficiency (NUE) was calculated for all crops and rotations 
described in Table 1.  NUE was studied using two approaches: use efficiency of 
absorbed N (UEAN) and N recovery (REC).  UENA was calculated on two different 
bases: total above-ground dry weight (TAGDW) and marketable yield fresh weight 
(MYFW) (Benincasa et al., 2011; Janssen, 1998; Greenwood et al., 1989). REC and 
UEAN were calculated for each crop and treatment using the following formulas: 
 
 
 
 
 
where  
NF = N available from the fertilizer (kg·ha
-1 
), 
UF = N-uptake (kg·ha
-1 
) when NF is given, 
U0 = N-uptake (kg·ha
-1 
) in non-fertilized plots, 
TAGDW = Total above-ground dry weight (kg·ha-1), 
MYFW= Marketable yield fresh weight (kg·ha-1). 
  
Table 2 
Mineral N and MSW-compost  used to grow different crops between 2007 and 2011.
Treatment N
(1) Comp N
(1) Comp N
(1) Comp N
(1) Comp N
(1) Comp N
(1) Comp N
(1) Comp
T0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TMIN 150 0 30 0 150 0 120 0 130 0 110 0 120 0
T50 75 6500 15 1300 75 6800 60 3333 65 3250 55 4976 60 5639
T100 0 13000 0 2600 0 13600 0 6667 0 6500 0 9953 0 12277
T200 0 26000 0 5200 0 27200 0 13333 0 13000 0 19906 0 22555
Mineral fertilizers used:  Urea (46%) 
(1)
. Mineral and organic fertilizers added (kg·ha
-1
).
Spinach 2007, beet 2008 and spinach 2008 were not fertilizated
Spring 2011 Fall 2011
Beet-
chicory
Spring 2007 Spring 2008 Fall 2009 Spring 2010 Fall 2010
Tomato 
Bean-
green bean
Beet-savoy 
cabbage
Onion Radicchio Bean
FMYFW UMYFWUEAN /
FF NUUREC /)( 0
FTAGDW UTAGDWUEAN /
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A comparison between the two rotation schemes for N-uptake, REC and 
UEANTAGDW were done using the following formulas: 
 
 
 
 
 
 
 
where  
NF = the sum of NF for all the crops in the rotation, 
UF = the sum of UF for all the crops in the rotation, 
U0 = the sum of N0 for all the crops in the rotation, 
TAGDW = the sum of TAGDW for all the crops in the rotation. 
 
2.3. Energy consumption, CO2 balance and CO2 indices 
Information from the crop production process described in section 2 of chapter 
III (page 44) was used to calculate the response variables: energy consumption, CO2 
released by the crop production process (CO2CPP), CO2 fixed in soil (CO2Soil), CO2 
fixed in dry matter of marketable yield (CO2MY) and CO2 balance (CO2Balance).  
These variables were calculated for each crop and treatment for a time frame that 
corresponds to its life cycle.  The software “Bilancio Ambientale,” developed by Bona 
et al. (2008) of the University of Padua, was used to obtain the values for these 
variables.  Energy consumption corresponded to the sum of the amount of energy used 
during production, utilization and maintenance of equipment (diesel use, tractor and 
auxiliary equipment) and that used during production and utilization of crop inputs 
(seeds, compost, fertilizers, herbicides, insecticides).  Similarly, CO2CPP included CO2 
released from the same activities as those described for energy consumption.  
CO2Soil was calculated based on the MSW compost added for each treatment 
and the soil organic matter (SOM) at the harvest of each crop, using the following 
formulas (Paul et al., 1999): 
12
44
5.02  SOMSoilCO  

 

F
F
N
UU
CumREC
0


F
TAGDW
U
DWTAG
CumUEAN
 FUCumNuptake
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where  
the constant 0.5 is the proportion of the crop dry matter that is carbon,  
44 is the molar mass (g·mol
-1
) for carbon dioxide, and  
12 is the molar mass for carbon, and 
 






 TRdmRdm
TTD
TD
SOM 3538.0  
where  
the constant 0.3538 is the coefficient to convert crop dry matter incorporated 
into the soil in SOM (Paul et al., 1999),  
TD is the real cumulative tillage depth for all operations (sum of the soil tillage 
of all the operations for the considered crop),  
TTD is the standard cumulative tillage depth for all operations,  
Rdm is the crop residue dry matter, and  
TRdm is the average residues dry matter for the considered crop obtained with 
the following formula: 
MY
HI
MY
TRdm 
 
where  
MY is the dry marketable yield, and  
HI is the standard harvest index for the considered crop. 
 
CO2MY (CO2 content in the dry matter of marketable yield) was calculated 
using the following formula:  
12
44
5.02 MYMYCO
 
  
CO2Balance was calculated using the following formula: 
 
CPPCOSoilCOMYCOBalanceCO 2222   
 
The CO2Balance is positive when the sum of CO2MY and CO2Soil is higher 
than the CO2CPP.  It is negative when the CO2CPP is higher than the sum of CO2MY and 
CO2Soil.  
Cumulative CO2CPP, CO2Soil, CO2MY and CO2Balance were calculated for 
each rotation using the following formulas: 
70 
 
 CPPCOCPPCumCO 22
 
 SoilCOSoilCumCO 22
 
 MYCOMYCumCO 22
 
 BalanceCOBalanceCumCO 22
 
where  
 CO2CPP = the sum of CO2CPP for all the crops in the rotation,  
 CO2Soil = the sum of CO2Soil for all the crops in the rotation,  
 CO2MY = the sum of CO2MY for all the crops in the rotation,  
 CO2Balance = the sum of CO2Balance for all the crops in the rotation. 
 
For all crops in both rotations four CO2 indices were calculated with the 
response variables: energy consumption, CO2 fixed in soil, CO2 fixed in dry marketable 
yield and CO2 balance.  These are listed below: 
 Energy consumption per total dry matter produced (EDM),  
 CO2Soil per energy consumption (CO2SoilE),  
 CO2MY per energy consumption (CO2MYE), 
 CO2 balance per energy consumption (CO2BalanceE).  
2.4. Environmental variable (ENVI) 
An environmental response variable (ENVI) for each crop was constructed using 
the Principal Component Analysis (PCA) with the following variables: total dry matter, 
marketable dry matter, residue dry matter, harvest index, N-uptake, UEANTAGDW, EDM, 
CO2SoilE, CO2MYE and CO2BalanceE.  This new variable explains between 45% and 
82% of the total variability present in the variables included in the analysis for the 
different crops (Table 9).  The scores of harvest index and UEANTAGDW were very small 
compared to the scores of the other variables (less than 0.30 in absolute value); thus, the 
scores of these variables are not shown to simplify the interpretation.   
The signs of the scores are consistent among the different crops; the only 
variable with negative sign is EDM, while the others have positive sign.  ENVI can be 
interpreted as a weighted average of all the variables, contrasted with the EDM variable.  
EDM represents consumption (energy used to produce dry matter), while the other 
variables represent products and indices calculated with energy consumption in the 
denominator.  The weight or scores to construct the new variable have similar 
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magnitudes, being always lower than 0.45 (these scores could reach a maximum of 1 
since the variables are standardized).  For some crops, some variables are not 
contributing very much to the ENVI; this is observed in their low scores (e.q. CO2SoilE 
for onion 2010, and N-uptake for 2nd seed bean 2011).  
 
2.5. Data analysis 
A program in R version 2.12.1 was written for the statistical analysis.  Analysis 
of variance (ANOVA) was used to evaluate treatment effects for each crop for the 
following response variables: N-uptake, REC, UEANTAGDW, CO2Soil, CO2MY, 
CO2Balance, EDM, CO2SoilE, CO2MYE and CO2BalanceE.  For onion 2010 and bean 
2011, crop effect was evaluated by adding the crop as a factor in the ANOVA because 
the same crop varieties were used for both rotations.  The interaction between treatment 
and crop was significant for bean 2011 in CO2Soil, CO2MY, CO2Balance, EDM, 
CO2SoilE, CO2MYE and CO2BalanceE, thus all the comparisons among treatments 
were done separately for each rotation; the other interactions for bean were non-
significant, and also all the interaction for onions were non-significant (Table 3). 
 
Rotation effect was also  evaluated by adding the rotation as a factor in the 
ANOVA, in the case of cumulative variables N-uptake, REC, UEANTAGDW, 
CO2Balance, CO2Soil, CO2MY.  In each case the interaction between treatment and 
rotation was not significant, thus all the comparisons among treatments apply in the 
same way for both rotations. 
Table 3
Variable Bean 2011 Onion 2010
N-uptake n.s n.s
UEAETAGDW n.s n.s
REC n.s n.s
CO2Soil * n.s
CO2MY * n.s
CO2Balance * n.s
EDM * n.s
CO2SoilE *** n.s
CO2MYE * n.s
CO2BalanceE * n.s
Interactions treatment*crop for onion 2010 and 
bean 2011 for the different response variables. 
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Compliance with assumptions of the model was verified using the Shapiro test 
for normality of the residuals, and the Fligner test for homogeneity of variances.  When 
non-normality was found the corresponding transformation were done in order to obtain 
normality (i.e., EDM for onion 2010 (Table 7 and 8) was normalized using the square 
root transformation and N-uptake for bean 2011 (Table 4) was normalized using the 
inverse transformation).  When treatment effect was significant, multiple Tukey 
comparisons were performed. 
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3.  Results and discussion 
3.1. Nitrogen use efficiency 
In this experiment, onion presented the lowest N-uptake values compared to 
other crops in both rotation schemes (Table 4).  Furthermore, this crop was fertilized 
with large quantities of N (180 kg·ha
-1
) and presented a low REC (Table 4).  Therefore, 
N leaching during the growing cycle characterized by intermediate rainfall can be 
expected (Fig. 1 chapter III, page 51).  Similarly,  Benincasa et al. (2011) reported that 
sweet pepper with high needs of N and a low REC (309 kg·ha
-1
 and 28% respectively), 
suggests a considerable amount of mineral N in the soil at harvest and the possibility of 
N leaching.  T50 showed the highest N-uptake and REC (32.8 kg·ha
-1
 and 11.6% 
respectively) for onion which makes this the most suitable treatment.  On the other 
hand, tomato presented the highest N-uptake among all crops.  Nonetheless, this crop 
did not present any ability to recovery N (Table 4).  A situation that can be partially 
explained by the high initial fertility in plots where the experiment was conducted.  That 
fact is confirmed by the highest N-uptake of T0 when using the residual fertilization 
from the previous season for spinach 2007.  Similarly to onion, T50 presented the 
highest N-uptake and REC for bean 2011, according to Janssen (1998) in crops a 
standard value for REC could be around 50%, the average REC for bean 2011 was 
between 25.2 and 49.4% in all treatments, REC for green bean and bean 2008 (Table 4) 
vary widely from the value proposed by Janssen, basically due to the high initial fertility 
and the low N-fertilization (30 kg·ha
-1
) applied in this period.  
Benincasa et al. (2011) mention the following factors that can affect the NUE: 
crop varieties in which genotype affects growth and development, cultural practices 
(fertilization, irrigation, density and plant spacing) and environmental factors 
(temperature, rainfall and soil texture).  N-uptake and REC for beet 2009 are lower than 
those reported for beet 2011 (Table 4, rotation B and A respectively).  Certainly, 
cultivars played an important role in these differences, especially because temperature 
and rainfall were very similar for both years and they could not be the cause for such 
differences (Fig. 1 chapter III, page 51).  Moreover, beet 2011 probably benefited from 
the N fixed by the beans cultivated in the previous season.  In this regard, Lupwayi and 
Kennedy (2006) suggest that there are many benefits of including a legume crop in 
rotations: break a disease cycle, add C and N.  Beet 2011 presented a great ability to 
recover N and did not present differences between treatments, T100 is a good 
fertilization option for this fall-winter crop in environmental and production terms.  On 
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the other hand, T50 presented the highest N-uptake and REC for the winter-fall crop 
chicory (Table 4, rotation B).  Nonetheless, this crop did not present significant 
differences between treatments for marketable yield and total biomass (chapter III, 
section 3.1, page 50), and T50 becomes the most suitable treatment for that crop. 
Onion was the most efficient crop with the highest UEANTAGDW values due to its 
lower N-uptake; following by tomato, bean, green bean, radicchio and chicory with 
intermediate values.  The leafy crops: spinach, savoy cabbage and beet presented the 
lowest UEANTAGDW in this experiment  (Table 4).  In this regard, Benincasa et al. (2011) 
reported for other leafy crops similar UEANTAGDW values than those reported in this 
experiment, for lettuce ‘Canasta’ (29 Mg·kg-1) and for lettuce ‘Audran’ (27 Mg·kg-1).  
Bean 2011, spinach 2007 and 2008 presented a fertilization treatment effect; T100 
showed higher UEANTAGDW than TMIN for both crops, which means that treatments 
with 100% MSW-compost absorbed N more efficiently than TMIN.  Indeed, spinach 
used the residual fertilization from the previous seasons, in which a longer period of the 
organic fertilizer in the field gave greater opportunity for N mineralization, making 
T100 the more efficient treatment.  
Rotation A produced a highest CumNuptake than rotation B (Fig. 1), mainly 
because of the highest N-uptake for green bean 2008, savoy cabbage 2009 and beet 
2011 in rotation A compared to the lowest N-uptake for bean 2008, beet 2009 and 
chicory 2011 in rotation B (Table 4).  Furthermore, CumNuptake and CumREC 
obtained with T50 were no different from those obtained with TMIN (Fig. 1 and 2), due 
to the fact that T50 was fertilized with half-quantity of chemical N; the lower risk of 
leaching of T50 presents an advantage over TMIN.  On the other hand, treatments T100 
and T200 presented lower values for the same variables; however, these treatments do 
not present high risk of N leaching because of their high content of organic materials.  
Finally, there was not a treatment effect for CumUEANTAGDW (Fig. 3), which suggests 
that all treatments were equally efficient to give yield according to the N-uptake.  
Nonetheless, the crops had different levels of N-uptake and also differences were found 
between treatments.  
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Table 4
N-uptake (kg·ha
-1
)
T0 405.0 a 98.7 a 139.0 a 61.0 a 152.7 a 18.8 bc 46.8 b 71.7 c 118.9 a
TMIN 388.0 a 65.7 b 167.6 a 67.5 a 201.9 a 21.8 bc 106.5 a 123.4 ab 200.9 a
T50 425.0 a 56.5 b 179.3 a 65.6 a 183.4 a 32.8 a 68.6 ab 126.1 a 197.5 a
T100 402.5 a 56.3 b 110.1 a 64.5 a 201.1 a 24.9 b 30.4 b 99.4 b 177.3 a
T200 411.7 a 70.8 b 128.5 a 67.6 a 148.0 a 16.4 c 21.3 b 110.2 ab 164.8 a
UEANTAGDW (kg·kg
-1
)
T0 47.0 a 26.0 b 48.0 a 30.0 a 31.0 a 71.0 a 41.0 a 58.0 a 33.0 a
TMIN 48.0 a 26.0 b 44.0 a 29.0 a 30.0 a 72.0 a 37.0 a 51.0 b 31.0 a
T50 48.0 a 26.0 b 45.0 a 29.0 a 31.0 a 65.0 a 44.0 a 51.0 b 31.0 a
T100 48.0 a 29.0 a 51.0 a 29.0 a 30.0 a 72.0 a 43.0 a 57.0 a 32.0 a
T200 47.0 a 27.0 ab 48.0 a 30.0 a 32.0 a 70.0 a 51.0 a 54.0 ab 30.0 a
REC(%)
TMIN -11.3 a NA 95.3 ab NA 32.8 a 2.4 b 45.9 a 46.9 ab 68.3 a
T50 13.3 a NA 134.2 a NA 20.4 a 11.6 a 16.7 ab 49.4 a 65.5 a
T100 -17.2 a NA -96.2 b NA 32.3 a 5.0 ab -12.6 b 25.2 b 48.7 a
T200 4.5 a NA -35.0 ab NA -3.1 a -2.0 b -19.6 b 34.9 ab 38.2 a
N-uptake (kg·ha
-1
)
T0 405.0 a 98.7 a 96.6 a 141.3 a 80.7 a 18.8 bc 53.4 a 71.7 c 82.1 b
TMIN 388.0 a 65.7 b 109.1 a 176.0 a 87.2 a 21.8 bc 107.9 a 123.4 ab 104.6 ab
T50 425.0 a 56.5 b 101.1 a 164.3 a 98.8 a 32.8 a 69.7 a 126.1 a 131.7 a
T100 402.5 a 56.3 b 85.4 a 142.0 a 94.4 a 24.9 b 44.2 a 99.4 b 96.5 ab
T200 411.7 a 70.8 b 99.6 a 160.3 a 89.5 a 16.4 c 32.5 a 110.2 ab 75.9 b
UEANTAGDW (kg·kg
-1
)
T0 47.0 a 26.0 b 52.0 a 26.0 b 28.0 a 71.0 a 51.0 a 58.0 a 42.0 a
TMIN 48.0 a 26.0 b 50.0 a 26.0 b 27.0 a 72.0 a 45.0 a 51.0 b 44.0 a
T50 48.0 a 26.0 b 51.0 a 26.0 b 28.0 a 65.0 a 49.0 a 51.0 b 38.0 a
T100 48.0 a 29.0 a 48.0 a 29.0 a 28.0 a 72.0 a 57.0 a 57.0 a 43.0 a
T200 47.0 a 27.0 ab 47.0 a 27.0 ab 30.0 a 70.0 a 58.0 a 54.0 ab 52.0 a
REC(%)
TMIN -11.3 a NA 41.7 a NA 4.3 a 2.4 b 41.8 a 46.9 ab 18.7 ab
T50 13.3 a NA 15.0 ab NA 12.1 a 11.6 a 12.5 ab 49.4 a 41.3 a
T100 -17.2 a NA -37.4 b NA 9.2 a 5.0 ab -7.1 ab 25.2 b 12.0 ab
T200 4.5 a NA 10.0 ab NA 5.8 a -2.0 b -16.1 b 34.9 ab -5.2 b
N-uptake, use efficiency of absorbed N (UEAN)  calculated on the basis total above ground dry weight and nitrogen 
ricovery (REC) for the crops growing with different doses of MSW-compost in rotations  A and B. 
2009 2010 2011
Savoy 
cabbage
Onion 
Early 
radicchio
2nd seed 
bean
1
Beet
Rotation A
2008
Green bean Beet
2007
Tomato Spinach 
Values  followed by the same letter are not significantly different, according to Tukey test P≤ 0.05 level of significance. 
NA: not applicable because the crops were not fertilized.                                                                                                               
1
 N-uptake was normalized using inverse transformation.
Tomato Spinach Bean Spinach Beet Onion
Late 
radicchio
1st seed 
bean *
Rotation B
Chicory
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Fig. 1 Sum of N-uptake for all crops for each  
rotation and for each treatment.  The interaction 
between treatment and rotation was not significant, 
thus all the comparisons among treatments apply in 
the same way for both rotations.  Values  followed 
by the same letter are not significantly different, 
according to Tukey test using a significance level of 
0.05. 
Fig. 2 Sum of REC for all crops for each  rotation 
and for each treatment.  The interaction between 
treatment and rotation was not significant, thus all 
the comparisons among treatments apply in the same 
way for both rotations.  Values  followed by the 
same letter are not significantly different, according 
to Tukey test using a significance level of 0.05. 
Fig. 3 Sum of UEANTAGDW for all crops for each  
rotation and for each treatment.  The interaction 
between treatment and rotation was not significant, 
thus all the comparisons among treatments apply in 
the same way for both rotations.  Values  followed 
by the same letter are not significantly different, 
according to Tukey test using a significance level of 
0.05. 
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3.2. Energy consumption, CO2 balance and CO2 indices 
 Energy consumption, CO2CPP, CO2Soil, CO2MY and CO2Balance for all crops 
are summarized in Table 5 (rotation A) and Table 6 (rotations B).  Tomato 2007 was the 
crop with the highest energy consumption and CO2CPP, while beet 2008, spinach 2007 
and 2008 were the crops with the lowest values, basically because they had a minimal 
agricultural labor.  Furthermore, spinach 2008 presented a higher N-uptake than spinach 
2007 (Table 4), bean 2008 guaranteed organic N and reduced fertilizer-N requirements 
for spinach 2008.  In this regard, Lupwayi and Kennedy (2007) suggested that reducing 
the use of fertilizer-N in legume-based cropping systems means less burning of fossil 
fuel (CO2 emission) in manufacturing, transporting, and applying fertilizer-N.  
 
Table 5
Energy consumption (GJ·Mg-1)
T0 87.24 6.80 12.74 8.46 16.43 18.42 12.71 19.70 24.77
TMIN 99.72 6.80 17.18 8.46 30.99 30.84 24.91 33.71 37.43
T50 98.52 6.80 17.32 8.46 30.61 31.58 23.05 33.14 36.51
T100 97.37 6.80 15.13 8.46 29.64 27.72 21.37 32.02 35.10
T200 106.36 6.80 18.82 8.46 37.62 37.41 27.34 37.94 41.95
CO2CPP (Mg·ha
-1
)
T0 7.22 0.54 1.00 0.69 1.33 1.50 1.04 1.56 2.00
TMIN 8.03 0.54 1.30 0.69 2.31 2.34 1.85 2.51 2.84
T50 7.95 0.54 1.31 0.69 2.29 2.41 1.75 2.48 2.79
T100 7.90 0.54 1.14 0.69 2.23 2.10 1.62 2.41 2.70
T200 8.48 0.54 1.41 0.69 2.75 2.78 2.02 2.80 3.15
T0 4.51 a 0.30 a 2.64 a -0.32 a -1.42 a -1.71 b -0.90 b 0.71 a 0.08 a
TMIN 5.57 a 0.08 b 3.21 a -0.27 a -1.40 a -1.67 a -0.44 a 0.37 a 0.33 a
T50 6.05 a 0.01 b 3.43 a -0.32 a -1.63 a -1.66 a -0.80 ab 0.57 a 0.33 a
T100 6.06 a 0.06 b 1.97 a -0.25 a -0.96 a -1.65 a -1.02 b 0.77 a 0.47 a
T200 6.33 a 0.07 b 2.42 a -0.28 a -1.51 a -1.72 b -1.06 b 0.41 a 0.24 a
T0 14.91 a 3.30 a 3.02 a 2.87 a 4.45 a 2.23 bc 1.89 bc 4.72 a 5.45 a
TMIN 11.69 a 2.23 bc 2.95 a 2.97 a 6.51 a 2.69 bc 3.97 a 5.89 a 8.70 a
T50 13.41 a 1.98 c 3.48 a 3.07 a 6.35 a 3.73 a 2.96 ab 6.01 a 8.35 a
T100 11.76 a 2.12 bc 2.83 a 2.88 a 5.42 a 2.92 ab 1.24 c 6.39 a 7.23 a
T200 12.33 a 2.62 b 2.51 a 3.20 a 4.24 a 1.85 c 0.95 c 5.70 a 6.77 a
T0 12.20 a 3.07 a 4.65 a 1.86 a 1.70 a -0.98 a -0.05 b 3.86 a 3.53 a
TMIN 9.23 a 1.77 bc 4.86 a 2.01 a 2.80 a -1.32 a 1.69 a 3.76 a 6.20 a
T50 11.51 a 1.45 c 5.59 a 2.06 a 2.43 a -0.35 a 0.41 b 4.10 a 5.89 a
T100 9.93 a 1.64 bc 3.67 a 1.94 a 2.23 a -0.83 a -1.40 c 4.76 a 5.01 a
T200 10.19 a 2.15 b 3.52 a 2.23 a -0.02 a -2.65 b -2.13 c 3.31 a 3.86 a
Beet
2007
Tomato Spinach 
CO2Soil (Mg·ha
-1
)
CO2MY (Mg·ha
-1
)
CO2 balance (Mg·ha
-1
)
Anova was not performance for energy consumption and CO2CPP because crop production process was the same 
for the three blocks. Values  followed by the same letter are not significantly different, according to Tukey test P≤ 
0.05 level of significance.
Energy consumption, CO2 released by the crop production process (CO2CPP), CO2 fixed in soil (CO2Soil), CO2 fixed 
in dry marketable yield (CO2MY) and CO2 balance for crops growing with different doses of MSW-compost in
rotation A. 
2009 2010 2011
Savoy 
cabbage
Onion 
Early 
radicchio
2nd seed 
bean 
Beet
Rotation A
2008
Green 
bean
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Tomato and green bean (Table 5 and 6) were the crops that fixed more CO2 in 
soil due to their greater amount of residues (data not reported).  For Martínez et al. 
(2008) in cultivated soils the higher contribution in carbon comes from the 
incorporation of crop residues.  On the contrary, bean 2008, beet 2008, savoy cabbage 
2009, onion 2010, early and late radicchio 2010, first-seed bean 2011 and chicory 2011 
(Table 5 and 6) were the crops in both rotations that did not fix CO2Soil (negative 
values), these crops did not produce important amounts of residues to be incorporated 
into soil.  On the other hand, tomato 2007, spinach 2008, savoy cabbage 2009, second-
seed bean 2011, beet 2011 and chicory 2011 (Table 5 and 6) were the crops that fixed 
more CO2MY due to their higher marketable yields.  Finally, onion was the only crop in 
Table 6
Energy consumption (GJ·Mg
-1
)
T0 87.24 6.80 12.46 6.79 16.43 18.42 12.71 19.70 25.37
TMIN 99.72 6.80 16.96 6.79 30.98 30.84 24.91 33.71 38.02
T50 98.52 6.80 17.04 6.79 30.61 31.58 23.05 33.14 37.10
T100 97.37 6.80 16.70 6.79 29.64 27.72 21.37 32.02 35.70
T200 106.36 6.80 18.28 6.79 38.11 37.41 27.34 37.94 42.55
CO2CPP (Mg·ha
-1
)
T0 7.22 0.54 0.98 0.54 1.33 1.50 1.04 1.56 2.05
TMIN 8.03 0.54 1.28 0.54 2.31 2.34 1.85 2.51 2.88
T50 7.95 0.54 1.29 0.54 2.29 2.41 1.75 2.48 2.83
T100 7.90 0.54 1.27 0.54 2.23 2.10 1.62 2.41 2.74
T200 8.48 0.54 1.37 0.54 2.79 2.78 2.02 2.80 3.19
T0 4.51 a 0.30 a -0.08 a 0.12 a 0.13 a -1.71 b -0.53 b -0.57 b -0.03 a
TMIN 5.57 a 0.08 b 0.43 a 0.19 a 0.06 a -1.67 a 0.31 a 0.05 a -0.09 a
T50 6.05 a 0.01 b -0.21 a 0.07 a 0.14 a -1.66 a -0.46 ab 0.05 a -0.05 a
T100 6.06 a 0.06 b -0.37 a 0.11 a 0.16 a -1.65 a -0.62 b -0.59 b 0.05 a
T200 6.33 a 0.07 b -0.20 a 0.23 a 0.13 a -1.72 b -0.80 b -0.15 ab -0.06 a
T0 14.91 a 3.30 a 4.18 a 5.32 a 2.66 a 2.23 bc 2.15 a 2.84 b 4.95 a
TMIN 11.69 a 2.23 bc 3.67 a 6.69 a 2.84 a 2.69 bc 2.90 a 5.22 a 7.05 a
T50 13.41 a 1.98 c 4.70 a 6.49 a 3.28 a 3.73 a 2.66 a 5.33 a 7.56 a
T100 11.76 a 2.12 bc 3.31 a 6.02 a 3.14 a 2.92 ab 2.03 a 3.71 ab 5.80 a
T200 12.33 a 2.62 b 3.87 a 6.22 a 3.14 a 1.85 c 1.47 a 4.95 a 5.13 a
T0 12.20 a 3.07 a 3.11 a 4.90 a 1.46 a -0.98 a 0.58 a 0.70 b 2.87 a
TMIN 9.23 a 1.77 bc 2.82 a 6.34 a 0.60 a -1.32 a 1.36 a 2.76 a 4.07 a
T50 11.51 a 1.45 c 3.19 a 6.02 a 1.13 a -0.35 a 0.44 a 2.91 a 4.67 a
T100 9.93 a 1.64 bc 1.67 a 5.59 a 1.07 a -0.83 a -0.20 a 0.71 b 3.12 a
T200 10.19 a 2.15 b 2.29 a 5.91 a 0.48 a -2.65 b -1.34 a 2.01 ab 1.88 a
Anova was not performance for energy consumption and CO2CPP because crop production process was the same for 
the three blocks. Values  followed by the same letter are not significantly different, according to Tukey test P≤ 0.05 
level of significance.
Tomato Spinach Bean Spinach Beet Onion
Late 
radicchio
1st seed 
bean
Chicory
Energy consumption, CO2 released by the crop production process (CO2CPP), CO2 fixed in soil (CO2Soil), CO2 fixed in
dry marketable yield (CO2MY)and CO2 balance for the crops growing with different doses of MSW-compost in
rotation B. 
2009 2010 2011
Rotation B
20082007
CO2Soil (Mg·ha
-1
)
CO2MY (Mg·ha
-1
)
CO2 balance (Mg·ha
-1
)
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which all treatments presented a negative CO2Balance (Table 5 and 6).  Moreover, T100 
and T200 presented negative CO2 balance for both varieties of radicchio, indeed for 
early radicchio those treatments presented the lowest CO2Balance (Table 5).  Tomato 
2007, green bean 2008, spinach 2008, second-seed bean, beets and chicory 2011 were 
the crops that reported the highest CO2Balance.  T50 and TMIN presented the highest 
CO2Balance for first-seed bean 2011(Table 6). 
 CumCO2CPP, CumCO2Soil, CumCO2MY and CumCO2Balance were calculated 
separately for both rotations.  ANOVA was not performed for CumCO2CPP because the 
three blocks had the same values.  Figure 4 shows higher average CumCO2CPP for 
T200 and similar values for T100, T50 and TMIN.  Rotation A presented a higher 
CumCO2Soil than rotation B (Fig. 5), mainly because of the highest amount of total dry 
matter residues (26.4 Mg·ha
-1
) in rotation A in comparison with those in rotation B 
(22.1 Mg·ha
-1
). CumCO2Soil did not present significant differences between treatments.  
On the other hand, T50 presented the highest CumCO2MY which gives and important 
environmental advantage above the other treatments including TMIN.  Both rotations 
showed similar CumCO2MY (Fig. 6). Finally, CumCO2Balance did not present 
statistically significant differences between rotations (Fig. 7).  T50 presented the highest 
cumulative CO2 balance which supports the idea of representing a suitable option for 
horticultural crop systems. 
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Fig. 4 Sum of CO2 released by the crop 
production process for all crops for each  
rotation and for each treatment.  Anova was 
not performance for this variable because 
crop production process was the same for 
the three blocks.  
Fig. 5 Sum of CO2 fixed in soil for all crops 
for each rotation and for each treatment.  The 
interaction between treatment and rotation was 
not significant, thus all the comparisons 
among treatments apply in the same way for 
both rotations.  Values  followed by the 
same letter are not significantly different, 
according to Tukey test using a 
significance level of 0.05. 
  
Fig. 6 Sum of CO2 fixed in dry matter of 
marketable yield for all crops for each  
rotation and for each treatment. The 
interaction between treatment and rotation was 
not significant, thus all the comparisons 
among treatments apply in the same way for 
both rotations.  Values  followed by the 
same letter are not significantly different, 
according to Tukey test using a 
significance level of 0.05. 
Fig. 7 Sum of CO2 balance for all crops for 
each  rotation and for each treatment.  The 
interaction between treatment and rotation was 
not significant, thus all the comparisons 
among treatments apply in the same way for 
both rotations.  Values  followed by the 
same letter are not significantly different, 
according to Tukey test using a 
significance level of 0.05  
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3.2.1. CO2 indices 
T200 presented the highest EDM in rotation A for savoy cabbage 2009, onion 
2010, early radicchio 2010, second-seed bean 2011 and beet 2011 (Table 7) and in 
rotation B for bean 2008, beet 2009, onion 2010 and early radicchio 2010 (Table 8), 
which makes this fertilization treatment a non-sustainable option.  On the other hand, 
T50 presented similar EDM than TMIN for savoy cabbage 2009, early radicchio 2010, 
beet 2011 and first-seed bean 2011 (Table 7 and 8),  while T100 presented similar EDM 
than TMIN for savoy cabbage 2009 and beet 2011 (Table 7), this fact suggest that these 
MSW-compost treatments used the energy properly.  Onion presented the highest EDM, 
this crop used high amounts of energy and produced low yields, the average marketable 
yield was between 7 and 13.8 Mg·ha-1 in all treatments, although a production of 20 to 
40 Mg·ha-1 is expected for the region (Bianco and Pimpini, 1990).  High rainfall, 
temperatures and weeds may have affected yields (Fig. 1 chapter III, page 51). 
CO2SoilE with negative values means that crop did not store CO2 in soil.  
Although, horticulture does not seem to significantly influence CO2 fixation in soil, 
these results presented some advantages of using MSW-compost instead of not using it.  
In this regard, T0 showed the highest CO2SoilE for spinach 2007, explained by the high 
initial fertility in plots and the non-fertilization of the crop in all treatments (Table 7 and 
8).  On the other hand, T100, T200 and TMIN showed the highest CO2SoilE indices for 
savoy cabbage 2009 (Table 7).  Furthermore, T50 and TMIN presented the same 
CO2SoilE indices for onion 2010, while T200 had a higher index than those treatments 
(Table 7 and 8).  In addition, T50 and TMIN were the only treatments that presented 
positive values for CO2SoilE indices for first-seed bean 2011 (Table 8).   
Valuable amounts of CO2 are fixed in dry marketable yield in horticulture.  
CO2MYE is an indicator that gives important information about how MSW-compost 
works in horticulture. In this regard, T50 presented CO2MYE as TMIN for Savoy 
cabbage 2009, early and late radicchio 2010 (Table 7 and 8), while T100 presented 
CO2MYE equal to TMIN for spinach 2007 and bean 2008 (Table 7 and 8).  
Furthermore, T50, T100 and TMIN presented the same CO2MYE for beet 2009 and 
onion 2010 (Table 7 and 8). 
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In relation to CO2BalanceE, tomato and spinach 2007, bean and green bean 
2008, spinach and beet 2008, second-seed bean and beet 2011 were the crops with 
higher CO2BalanceE (Table 7 and 8).  Few significant differences were found between 
treatments, T100 presented CO2BalanceE as TMIN for spinach 2007.  Furthermore, T50 
showed a higher CO2BalanceE than TMIN for onion 2010 (Table 7 and 8) and all MSW 
treatment and TMIN presented the same CO2BalanceE for beet 2009 (Table 8).  
Moreover,  T100 and T200 showed lower CO2BalanceE than TMIN and T50 for early 
radicchio 2010 (Table 7).  In general, MSW-compost treatments presented  CO2SoilE, 
CO2MYE and CO2BalanceE indices similar to TMIN, this fact gives MSW-compost an 
important environmental advantage and its use can be recommended. 
 
  
Table 7 
EDM (Gj·Mg
-1
)
T0 4.89 a 2.68 c 2.12 a 4.70 a 3.49 b 15.21 b 6.79 b 3.59 c 6.33 b
TMIN 5.48 a 4.03 ab 2.43 a 4.43 a 5.07 b 22.86 ab 6.46 b 5.18 ab 6.07 b
T50 4.90 a 4.66 a 2.30 a 4.47 a 5.37 b 16.39 b 9.34 b 4.83 abc 6.16 b
T100 5.75 a 4.22 ab 2.88 a 4.50 a 5.56 b 17.88 b 18.45 ab 4.27 bc 6.52 b
T200 5.66 a 3.58 b 3.35 a 4.23 a 7.95 a 37.64 a 29.55 a 5.78 a 8.42 a
T0 0.052 a 0.045 a 0.207 a -0.038 a -0.087 b -0.093 d -0.071 c 0.036 a 0.003 a
TMIN 0.056 a 0.012 b 0.187 a -0.032 a -0.045 a -0.054 b -0.017 a 0.011 a 0.009 a
T50 0.061 a 0.001 b 0.198 a -0.038 a -0.053 ab -0.053 b -0.034 ab 0.017 a 0.009 a
T100 0.062 a 0.009 b 0.130 a -0.030 a -0.032 a -0.060 c -0.048 b 0.024 a 0.013 a
T200 0.059 a 0.011 b 0.129 a -0.033 a -0.040 a -0.046 a -0.039 b 0.011 a 0.006 a
T0 0.171 a 0.486 a 0.237 a 0.339 a 0.271 a 0.121 a 0.149 a 0.240 a 0.220 a
TMIN 0.117 a 0.329 bc 0.172 a 0.351 a 0.210 ab 0.087 a 0.159 a 0.175 b 0.233 a
T50 0.136 a 0.292 c 0.201 a 0.362 a 0.208 ab 0.118 a 0.129 a 0.181 ab 0.229 a
T100 0.121 a 0.312 bc 0.187 a 0.340 a 0.183 bc 0.105 a 0.058 b 0.200 ab 0.206 a
T200 0.116 a 0.385 b 0.134 a 0.378 a 0.113 c 0.050 b 0.035 b 0.150 b 0.161 a
T0 0.140 a 0.451 a 0.365 a 0.219 a 0.103 a -0.053 bc -0.004 b 0.196 a 0.142 a
TMIN 0.093 a 0.261 bc 0.283 a 0.238 a 0.091 a -0.043 bc 0.068 a 0.111 b 0.166 a
T50 0.117 a 0.213 c 0.323 a 0.243 a 0.079 a -0.011 a 0.019 ab 0.124 ab 0.161 a
T100 0.102 a 0.241 bc 0.242 a 0.229 a 0.075 a -0.030 ab -0.065 c 0.149 ab 0.143 a
T200 0.096 a 0.317 b 0.187 a 0.263 a 0.000 a -0.071 c -0.078 c 0.087 b 0.092 a
Beet
2007
Tomato Spinach 
Values  followed by the same letter are not significantly different, according to Tukey test P≤ 0.05 level of significance.  
1
EDM was normalized using square root. transformation.
CO2SoilE (Mg·Gj
-1
)
CO2MYE (Mg·Gj
-1
)
CO2BalanceE (Mg·Gj
-1
)
CO2 indices calculated: energy consumption per total dry matter produced (EDM), CO2 fixed in soil (CO2SoilE), CO2 
fixed in dry marketable yield (CO2MYE) and CO2 balance per energy consumption (CO2BalanceE) for the crops
growing with different doses of MSW-compost in rotation A. 
2009 2010 2011
Savoy 
cabbage
Onion
1 Early 
radicchio
2nd
 
seed 
bean 
Beet
Rotation A
2008
Green bean
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Table 8
EDM (Gj·Mg
-1
)
T0 4.89 a 2.68 c 2.59 b 1.89 a 7.35 b 15.21 b 4.67 b 6.88 ab 8.07 a
TMIN 5.48 a 4.03 ab 3.23 ab 1.50 a 13.95 a 22.86 ab 5.30 b 6.18 b 8.58 a
T50 4.90 a 4.66 a 3.43 ab 1.60 a 11.22 ab 16.39 b 9.44 ab 5.75 b 7.88 a
T100 5.75 a 4.22 ab 4.11 a 1.68 a 11.09 ab 17.88 b 9.38 ab 8.47 a 8.89 a
T200 5.66 a 3.58 b 3.99 a 1.57 a 14.56 a 37.64 a 15.45 a 7.37 ab 12.16 a
T0 0.052 a 0.045 a -0.007 a 0.017 a 0.008 a -0.093 d -0.042 b -0.029 b -0.001 a
TMIN 0.056 a 0.012 b 0.025 a 0.028 a 0.002 a -0.054 b 0.013 a 0.002 a -0.002 a
T50 0.061 a 0.001 b -0.012 a 0.010 a 0.005 a -0.053 b -0.020 ab 0.002 a -0.001 a
T100 0.062 a 0.009 b -0.022 a 0.016 a 0.005 a -0.060 c -0.029 b -0.018 b 0.001 a
T200 0.059 a 0.011 b -0.011 a 0.034 a 0.003 a -0.046 a -0.029 b -0.004 a -0.001 a
T0 0.171 a 0.486 a 0.336 a 0.784 a 0.162 a 0.121 a 0.169 a 0.144 a 0.195 a
TMIN 0.117 a 0.329 bc 0.216 b 0.985 a 0.092 b 0.087 a 0.116 ab 0.155 a 0.185 a
T50 0.136 a 0.292 c 0.276 ab 0.955 a 0.107 b 0.118 a 0.116 ab 0.161 a 0.204 a
T100 0.121 a 0.312 bc 0.198 b 0.887 a 0.106 b 0.105 a 0.095 b 0.116 a 0.163 a
T200 0.116 a 0.385 b 0.211 b 0.915 a 0.082 b 0.050 b 0.054 b 0.131 a 0.121 a
T0 0.140 a 0.451 a 0.250 a 0.721 a 0.089 a -0.053 bc 0.045 a 0.036 a 0.113 a
TMIN 0.093 a 0.261 bc 0.166 a 0.933 a 0.019 b -0.043 bc 0.055 a 0.082 a 0.107 a
T50 0.117 a 0.213 c 0.187 a 0.885 a 0.037 b -0.011 a 0.021 a 0.088 a 0.126 a
T100 0.102 a 0.241 bc 0.100 a 0.823 a 0.036 b -0.030 ab -0.010 a 0.022 a 0.087 a
T200 0.096 a 0.317 b 0.125 a 0.870 a 0.012 b -0.071 c -0.049 a 0.053 a 0.044 a
Values  followed by the same letter are not significantly different, according to Tukey test P≤ 0.05 level of significance. 
1
EDM was normalized using square root. 
Tomato Spinach Bean Spinach Beet Onion
1 Late 
radicchio
1st seed 
bean
Chicory
CO2SoilE (Mg·Gj
-1
)
CO2MYE(Mg·Gj
-1
)
CO2balanceE (Mg·Gj
-1
)
2008 2009 2010 2011
CO2 indices calculated: energy consumption per total dry matter produced (EDM), CO2 fixed in soil (CO2SoilE), CO2 
fixed in dry marketable yield (CO2MYE) and CO2 balance per energy consumption (CO2BalanceE) for the crops
growing with different doses of MSW-compost in rotation B. 
Rotation B
2007
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3.3. Environmental variable (ENVI) 
 T50 and T100 showed equal ENVI (Table 9) as the control treatments (TMIN 
and T0) while T200 presented a lower ENVI for spinach 2007.  T50 showed higher 
ENVI than TMIN and TO for onion 2010,  while T50 and T100  presented higher ENVI 
than T200 for that crop.  TMIN and T50 presented higher ENVI than T100 and T200 
for early and late radicchio.  TMIN and T50 presented the highest ENVI for first-seed 
bean 2011 (Table 9).  In general, the results obtained in the PCA confirm the previous 
findings, in which T50 was a sustainable treatment for summer crops like onion or bean, 
but also represents a sustainable option for fall-winter radicchio (early and late 
cultivars).  Finally, T200 was confirmed as non-sustainable treatment in horticulture. 
 
Table 9
Scores, proportion of variance and tukey test for the first principal component on each crop for rotation A and B.   
2009
Response variable:
Tomato Spinach 
Green 
bean 
Beets 
Savoy 
cabbage
Onions
Early 
radicchio
2nd seed 
bean 
Beets
Total dry matter 0.37 0.35 0.35 0.41 0.41 0.40 0.38 0.22 0.40
Marketable dry matter 0.33 0.34 0.34 0.38 0.37 0.40 0.37 0.17 0.37
Residue dry matter 0.31 0.34 0.33 0.18 0.34 0.29 0.34 0.26 0.32
N-uptake 0.37 0.35 0.35 0.38 0.41 0.40 0.37 0.01 0.36
EDM -0.37 -0.33 -0.34 -0.41 -0.30 -0.32 -0.31 -0.44 -0.35
CO2MYE 0.31 0.34 0.32 0.39 0.29 0.36 0.34 0.39 0.33
CO2BalanceE 0.37 0.35 0.35 0.41 0.39 0.40 0.38 0.43 0.37
CO2SoilE 0.32 0.34 0.34 0.14 0.20 0.03 0.19 0.45 0.31
Proportion of variance 0.70 0.82 0.75 0.59 0.54 0.61 0.68 0.45 0.56
Treatment:
T0 a a a a a bc bc a a
TMIN a a a a a bc a a a
T50 a a a a a a ab a a
T100 a a a a a ab cd a a
T200 a b a a a c d a a
2009
Response variable:
Tomato Spinach Bean Spinach Beets Onions
Late 
radicchio
1st seed 
bean
Chicory
Total dry matter 0.37 0.35 0.39 0.39 0.39 0.40 0.36 0.37 0.39
Marketable dry matter 0.33 0.34 0.31 0.36 0.27 0.40 0.34 0.36 0.37
Residue dry matter 0.31 0.34 0.31 0.30 0.42 0.29 0.35 0.35 0.27
N-uptake 0.37 0.35 0.30 0.37 0.36 0.40 0.35 0.37 0.34
EDM -0.37 -0.33 -0.38 -0.39 -0.32 -0.32 -0.31 -0.32 -0.37
CO2MYE 0.31 0.34 0.32 0.37 0.15 0.36 0.26 0.29 0.38
CO2BalanceE 0.37 0.35 0.38 0.38 0.21 0.40 0.34 0.37 0.39
CO2SoilE 0.32 0.34 0.30 0.25 0.38 0.03 0.30 0.35 0.28
Proportion of variance 0.70 0.82 0.62 0.65 0.47 0.61 0.75 0.68 0.61
Treatment:
T0 a a a a a bc bc b a
TMIN a a a a a bc a a a
T50 a a a a a a ab a a
T100 a a a a a ab cd b a
T200 a b a a a c d ab a
Values  followed by the same letter are not significantly different, according to Tukey test P≤ 0.05 level of significance.
Rotation B
2007 2008 2010 2011
20082007 2010 2011
Rotation A
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4. Conclusions 
Understanding the physiology of the crops by the NUE approach helps design 
sustainable rotation schemes.  T50 represents the best option for uptake and recovery N 
for onion, bean and chicory.  Indeed, this treatment represents an option to reduce the N 
leaching risk due to the low capacity of onion to recover N.  Many of these findings 
were corroborated with the analysis of ENVI; however, the most interesting finding was 
that T50 and TMIN presented the highest ENVI for early and late radicchio.  T50 
became an important environmental fertilization option for radicchio when analyzing all 
the response variables together.  Moreover, T50 showed CumNuptake and CumREC to 
be no different than those levels obtained with TMIN.  The rotation approach also 
supports the idea of this treatment as a sustainable option.  On the other hand, beet 2011 
presented a great ability to recover N and did not present differences between 
treatments.  T100 is a good fertilization option for this fall-winter crop in terms of 
environmental and production. 
Tomato and green bean are crops that have fixed CO2 in soil due to their large 
amount of residue.  Alternating them with other crops is an important rotation practice 
that will enhance the CO2 in soil fixation.  Furthermore, significant quantities of CO2 are 
fixed in dry marketable yield in horticulture, especially in these crops which produce 
high amounts of marketable product.  T50 fixed the highest amount of CO2MY in both 
rotations.  Onion and radicchio are crops that produce a negative CO2 balance; 
nevertheless, they could be produced in rotations alternated with other crops that present 
a positive CO2 balance, in order to have a positive overall effect on this variable.  
Rotation A presented a higher CumCO2Soil and CumNuptake than rotation B, due to 
having the highest amount of dry matter,  total residues and total biomass, respectively.  
This resulted in Rotation A being the most suitable in environmental terms.  Finally, 
T200 presented lowest marketable yield for savoy cabbage, onion and radicchio, the 
lowest REC for onion, radicchio and chicory and the highest EDM in many crops in 
both rotations, confirming it as a non-sustainable treatment in horticulture. 
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Appendix 1 
 
Crop production process 
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Crop
1.Tillage 
HP:120 
Wheel drive:4 
Time:1:30 h 
Depth:40cm
2.Harrowing 
HP:120 
Wheel drive:4 
Time:1 h 
Depth:20cm 
3.Chiselling 
HP:120 
Wheel drive:4 
Time:1 h 
Depth:15cm   
4.Broadcast 
fertilization 
HP:35
Wheel drive:4 
Time:0.25 h 
4.Manure 
fertilization 
HP:45
Wheel drive:4 
Time:0.5 h 
6.Chiselling 
HP:120 
Wheel drive:4 
Time:1 h 
Depth:15cm   
7.Transplanting 
HP:45
Wheel drive:4 
Time:3.3 h 
Tomato 2007
with mulching 
and irrigation 
system
Spinach 2007
Green bean and 
bean 2008
Beet  2008
Spinacio 2008 
Beet and Savoy 
cabbage 2009
Onion 2010
Radicchio 2010
Bean 2011
Beet and 
chicory 2011
Crop production process 
Appendix 1a Crop production process information used to calculate energy consumption and CO2 released by the crop production process 
using the software “Bilancio Ambientale.  Gray-shaded cell means that the operation was done for an specific crop.
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Crop
8.Sowing 
HP:35
Wheel drive:4 
Time:1.3 h 
9.Drip 
irrigation 
10.Pivot 
irrigation 
HP:80
Wheel drive:2 
Time:8 h 
 

11.Herbicide 
spraing 
HP:45
Wheel drive:4 
Time:0.3 h 
12.Insecticide 
spraing 
HP:45
Wheel drive:4 
Time:0.3 h 
13.Fungicide 
spraing 
HP:45
Wheel drive:4 
Time:0.3 h 
14.Harvesting 
HP:155
Wheel drive:4  
Tomato 2007 10
1 application
 Product: 
Sencor WG 
0.65 kg·ha-1 
1 application
 Product: 
Curzate M 
1.5 kg·ha-1        
2 application 
Product:
Ossiclor 35 WG 
1.75 kg·ha-1   
and Vitene 
0.56 kg·ha-1
Time:8h
Spinach 2007
1 application 
Product: 
Venzar 
0.5 kg·ha-1 
Time:1.5 h 
Green bean and 
bean 2008
5
 1 application 
Product: 
Fusilade Max 
2 kg·ha-1
2 trat: Ossiclor 
35 WG 1,75 
kg·ha   
Time:1.5 h 
Beet  2008
1 application 
Product:  
Betanal expert  
2 kg·ha-1 
Time:1.5 h 
Spinacio 2008 
1 application 
Product: 
Venzar
 0.5 kg·ha-1 
Time:1.5h 
Beet and Savoy 
cabbage 2009
3
1 application 
Product:  
Silglif        
2 kg·ha-1 
1 application 
Product: 
Actara 
0.2 kg·ha-1     
1 application 
Product: 
Ossiclor 35 WG 
1.75 kg·ha-1  
and Trebon 
0.25 kg·ha-1     
Time:1.5h 
Onion 2010 2
2 applications
Product: 
Cipotril 
2 kg·ha-1
Time: 3h
Radicchio 2010
1 application
Product: 
Kerb Flo 
3.5 kg·ha-1 
1 application
Product: 
 Targa Flo 
1 kg·ha-1
Time:1.5h 
Bean 2011 5
1 application 
Product:
 Flufop 
1 kg·ha-1
1 application 
Product: 
Dursban 
1 kg·ha-1
2 applications
Product:
 Ramedit combi 
1.2 kg·ha-1 
Trebon Flo 
0.12 kg·ha-1
Time:1.5h 
Beet and 
chicory 2011
5
1 application 
Product:  
Betanal expert  
2 kg·ha-1 
Time:1.5h 
Appendix 1b Crop production process information used to calculate energy consumption and CO2 released by the crop production 
process using the software “Bilancio Ambientale.  Gray-shaded cell means that the operation was done for an specific crop.
Crop production process 
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General conclusions 
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Conclusions 
ADRs and MSW-compost are valuable organic materials that can be used as 
fertilizers in horticulture.  Their use provides significant amounts of nutrients and 
prevents N leaching.  The main effects on agronomic performance and NUE were:  
1) for early spring crops, a combination of 50% organic and 50% chemical N was 
recommended.  The chemical N supplies the initial crop requirement for this element, 
while the organic N provides the subsequent needs according to the mineralization 
process.  For example, T50 presented the highest marketable yield and REC for onion 
2010 and bean 2011.  Onions growing with MSW-compost presented a low REC and 
were fertilized with high doses of N, this represents a high risk of N leaching.  
2) For summer crops, high temperatures during the crop cycle influenced the trend 
of similar REC for all ADR treatments; moreover, T100 presented the highest 
marketable yield for butterhead and iceberg lettuce in 2010.  
3) For some fall-winter crops, ADR and MSW-compost treatments did not show 
REC as much as the mineral treatment, mainly because of the closeness between the 
fertilization and transplanting times (i.e., applying organic fertilizers some weeks before 
transplanting can improve organic N availability.)  However, T50 had the highest N-
uptake and REC for late radicchio 2010 fertilized with ADRs as did chicory 2011 
growing with MSW-compost.  In addition, T100 presented the highest marketable yield 
for beet 2009 and 2011 fertilized with MSW-compost, and no statistical differences 
were found for REC.  In summary, ADRs and MSW-compost performance in fall-
winter depends on crop varieties (which of them use organic N more efficiency), 
weather conditions (rainfall and temperature) and chronological stages of the 
experiment (year of experimentation). 
4) MSW-compost in horticulture produces good quality vegetables.  NO3 and 
heavy metal contents were bellow the limit established by the Commission of the 
European Communities.  On the other hand, T100 enhanced soil’s organic carbon and 
total nitrogen in plots fertilized with MSW-compost.  Crop rotation helped to improve 
C:N.  Rotation A presented the higher content SOC.  The addition of crop residues 
influenced higher SOC and nutrient contents.  These residues can vary widely from crop 
to crop, so rotations help in this regard because crops are changed regularly.  The use of 
MSW-compost aids in reducing dependence on mineral N. 
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5) Tomato and green bean are crops that have fixed CO2 in soil due to their large 
amount of residue.  Alternating them with other crops is an important rotation practice 
that will enhance the CO2 in soil fixation.  Furthermore, significant quantities of CO2 are 
fixed in dry marketable yield in horticulture, especially in these crops which produce 
high amounts of marketable product.  T50 fixed the highest amount of CO2MY in both 
rotations.  Onion and radicchio are crops that produce a negative CO2 balance; 
nevertheless, they could be produced in rotations alternated with other crops that present 
a positive CO2 balance, in order to have a positive overall effect on this variable.  
Rotation A presented a higher CumCO2Soil and CumNuptake than rotation B, due to 
having the highest amount of dry matter,  total residues and total biomass, respectively.  
This resulted in Rotation A being the most suitable in environmental terms.  Finally, 
T200 presented lowest marketable yield for savoy cabbage, onion and radicchio, the 
lowest REC for onion, radicchio and chicory and the highest EDM in many crops in 
both rotations, confirming it as a non-sustainable treatment in horticulture. 
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